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ABSTRACT

Allen, Jennifer L. PhD, Purdue University, December 2016. Macronutrient-Flavonoid
Interactions, Effects in Model Food Matrices. Major Professor: Mario G. Ferruzzi.

Macronutrient-flavonoid interactions have been well documented through the years.
Chapter 1 of this document provides an introduction of the literature documenting the
theoretical and mechanical framework of their importance in human health, biological
interactions, macronutrient interaction, and general bioaccessibility and bioavailability.
Though macronutrient interactions have been characterized, often the levels utilized are
above those that may be seen in processed food products due to undesirable effects. This
document covers the effects two commonly used plant extracts, green tea extract and
grape seed, may have on the macronutrient functionality in model food matrices. In
Chapter 2 the effects of crude extracts (green tea and grape seed) and a purified green
tea extract (composed primarily of EGCG) were examined for their effects on various
protein functions within a gel, emulsion, and foam matrix. Due to their occurrence in
many packaged food products the dairy proteins, sodium caseinate and whey protein
isolate were utilized. These extracts were incorporated into each of the above stated
matrices at levels that may be plausible in consumer packaged food products with
minimal effects on the sensorial properties. It was determined that though level of
incorporation were modest, an impact may still be had on the functional properties of
these matrices. The addition of grape seed and green tea extracts may moderately alter
gelation properties, including gel strength and gelation time. Likewise, emulsion stability
was negatively modified while foam stability exhibited an inverse alteration.
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Similar functional testing of functionality in carbohydrates were reviewed in Chapter 3,
using wheat starch and κ-carrageenan, both commonly found in processed foods,
representing a digestible and non-digestible carbohydrate, respectively. The crude green
tea and grape seed sourced extracts were incorporated into the carbohydrate systems to
determine the effects on starch pasting and polysaccharide gelation using dynamic
rheology. In wheat starch pastes the incorporation of the plant extracts exhibited a dose
dependent response that resulted in a decrease in gelatinization temperature and time
however offered minimal overall impact on the final viscosity. Similarly the impact on
the gelation of κ-carrageenan in the presence of green tea or grape seed extract was
minimal in regards to its flow properties.

Chapter 4 evaluated how the bioaccessibility of flavan-3-ols from the plant extracts were
impacted by their incorporation into the protein and/or carbohydrate matrices. Each of the
crude green tea and grape seed extracts, along with the purified EGCG green tea extract
were combined in the aforementioned food matrices and digested using a three stage
static in vitro digestion model to determine the effects on bioaccessibility. These studies
indicated that carbohydrate and protein matrices modulate the bioaccessibility of flavan3-ols. Both types and structures of the macronutrients resulted in a modulated effect of
overall relative bioaccessibility. The composition of the extract may have a modulating
effect on bioaccessibility of the individual flavan-3-ols present. Chapter 5 reviewed the
results of these studies to offer final overall conclusions and potential next steps for
further research.
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CHAPTER 1. REVIEW OF LITERATURE

1.1

Introduction

Processed foods have been arguably one of the greatest conveniences provided to
consumers in the 20th century, allowing individuals to prepare meals and snacks in
minutes rather than hours. As consumer’s needs and interest have changed, so have the
nature and perceived value of these processed and packaged products. In a 2012 survey,
nutritive value (61%) took precedence over convenience (53%) as a driver of consumer
decision to purchase food and drink 1. Considering these trends, foods and beverages
with nutritional or functional value, otherwise known as functional foods, are estimated
to have a value of ~$38 billion in sales, representing approximately 27% of the US
healthy foods category 2.
The term functional foods is often utilized in defining such foods that include
‘physiologically-active components’ which may provide additional health benefits
beyond its nutritive value 3. Polyphenols are one category of ingredients that have been
heavily leveraged in functional foods. Polyphenols are a plant secondary metabolite class
which may have beneficial health effects in humans. As research has evolved on the role
of these phytochemicals in human health, polyphenols as ingredients derived from plant
extracts including tea, apple, cocoa and grape products has seen increased use in
processed foods has expanded. However, as more foods are formulated with these
ingredients the potential for interactions between polyphenols and food components
altering both polyphenol bioavailability or physical/chemical properties of the foods are
possible. These include interactions that promote cross-linking of proteins, gelatinization
of starches, and potentiate the formation of macronutrient-polyphenol complexes 4 with
multiple effects possible. Macronutrient-polyphenol interactions (MPI) have, in fact,

2
been associated with enhancement of polyphenol stability through digestion, promoting
delivery of active compounds for intestinal uptake 5,6. However, studies have also
reported that indigestible or insoluble complexes between polyphenols and proteins or
fiber may be formed, limiting beneficial nutritive value of foods, and potentially reducing
polyphenol accessibility in the GI tract and ultimate bioavailability 4,7. Additional
insights are needed to better leverage these ingredients across food matrices, particularly
in a paradigm where multi-functionality of ingredients is now the norm.
Despite existing data, the extent to which the multi-functionality of polyphenols
can be leveraged to modify food and health properties remains unclear. With consumers
becoming more aware of product ingredient statements, a growing need for more
transparency in product labeling is required. Polyphenols, by virtue of their structure and
functionality in regards to color and flavor, provide potential alternative for certain
functions in clean-label processed foods. Phytochemicals have been studied for their
functionality in foods including their ability to impart natural color, flavor,
preservative/antioxidant activity, and as stabilizing agents8-10.
Central to their activity in foods and health, polyphenols are well known for their
ability to interact with macronutrients. These interactions have been cited as potential
mechanisms involved in manipulating taste and textural properties of select foods 4,11,12.
Reports of polyphenol interactions influencing functional properties such as dough
conditioning, foaming stability and haze formation in beer have been reported. While
often reported as negative impacts, the question remains if these interactions can be
leveraged as clean label innovations, with polyphenols provide both health promoting
activities and functionality in foods. However, in order to achieve this, additional
insights are needed to expand the application of polyphenol based ingredients into
various food systems in a manner that can both promote the best functional properties in
foods but also consider impact on ultimate bioavailability and efficacy of these health
promoting compounds 13,14.
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There are several factors associated with the polyphenol and/or the macronutrient, which
govern the nature of their interaction including 15:
•
•
•

Structure of the polyphenol (hydroxyl groups, galloyl groups, degree of
polymerization)
Nature and structure of the macromolecule (protein, carbohydrate, lipid)
Environment Conditions (pH, ionic strength, temperature, concentrations)

Whole and processed foods are complex matrices, being composed of lipids,
carbohydrates, and/or proteins of various sizes, structures, and binding attributes.
Therefore, composition and interactions among matrix components govern the potential
impact on physical and chemical attributes, digestibility, and subsequent absorption of
these foods. In this review, the focus will be limited to flavan-3-ols, one of the most
commonly consumed polyphenols in the US diet 16,17 and highly leveraged in food
applications from tea and grape seed extracts. The objective of the review is two-fold,
(1) highlight the impact of macronutrient-polyphenol interactions (MPI’s) on
bioaccessibility of the flavan-3-ol and (2) discuss the role of MPIs on functional
properties of foodstuff.
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1.2

Classification of Polyphenols

Polyphenols are a class of phytochemicals that generally encompasses the large
diverse classes of compounds which have at least one or more phenolic (aromatic) ring.
Polyphenols are generally divided into 4 subclasses (phenolic acids, flavonoids, stilbenes,
and lignans) according to the number of phenol rings and degree of substitution of the
rings. Thousands of polyphenols have been identified in nature, and many of their effects
extend beyond the plant to include potential health benefits to humans. Consumption of
polyphenol rich foods has been associated through observational and experimental
studies (preclinical and clinical) with prevention or protection against, heart disease,
cancer, obesity, diabetes and neurocognitive disorders 18-22. Many of these benefits have
been associated with the flavonoid class of polyphenols specifically and their ability to
modify oxidative and inflammatory stress as well as their ability to interact with
macronutrients including proteins 23-25. With that in mind flavonoids, and flavan-3-ols in
particular, will be the focus of this review.

1.3.

Flavonoid Classifications and Dietary Consumption

Flavonoids are chemical composed of 15 carbons and characterized by two
phenolic rings, designated as A & B, with a C3 bridge that forms an oxygenated
heterocycle (C-ring) between the aromatics. Flavonoids are further differentiated into
sub-classes according to their substitution patterns and conformation 24. This
differentiation includes the connectivity of the B-ring to the C-ring, oxidative state, and
functional group substitution 26. Six major subclasses include flavan-3-ols, flavanones,
flavonols, flavones, isoflavones, and anthocyanidins (Figure 1.1).
Flavonoids are one of the most extensively investigated subclasses of polyphenols
due to their particular abundance in certain western diets and proposed role in human
health. According to data analyzed from the NHANES (National Health and Nutrition
Examination Survey) 2007-2010 study, tea, citrus fruit juices, berries, citrus fruits, wine
and apples are the main sources of flavonoids in the US diet. Intake estimates in the US
suggest that the daily intake of total flavonoids by US adults in 2007-2010 was ~ 200
mg/d, with an increase seen in the estimated intake of anthocyanins from previous years
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(1999-2002). The major group of flavonoids in the US diet are flavan-3-ols and
flavonols 16 derived from products identified above including plus cocoa based products.
In nature, many flavonoid forms are primarily present conjugated to sugars (glycosides)
or other conjugates, however flavan-3-ols are somewhat unique in that they are primarily
found in free (aglycone) form.

Flavone
Flavonone
Isoflavone

Flavan-3-ol
Flavonol

Anthocyanidin

Figure 1. 1 Six Major Subclasses of Flavonoids

1.3.1

Flavan-3-ols

Flavan-3-ols, also referred to by their more common names flavanols or
catechins, represent approximately 79% (158.4 mg/d) of flavonoid intake in the US diet
16

. The presence of these compounds in foods can affect many food quality parameters

including taste (bitterness and astringency) and color formation 19. Often used as
functional ingredients, flavan-3-ols are formulated in foods from extracts derived from
tea, grape seed and cocoa or purified into individual flavan-3-ols. These bioactives have
been sold as dietary supplements and applied in the fortification of beverages and
processed foods. Flavan-3-ols are also recognized as the most structurally complex
group, ranging from simple monomers to polymeric proanthocyanidins 27. The molecular
structure of flavan-3-ols differ from other groups based on their lack of glycosylation in
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the C ring and presence of a 3-hydroxyl or 3-O-gallate functional group on the C-ring 26.
Flavan-3-ols are well known as traditional antioxidants and are believed to prevent
oxidative damage decreasing the risk of certain chronic and degenerative diseases. The
antioxidant capacity of many flavan-3-ols has often been compared to that of Vitamin C
and E, as its concentration in our diets and antioxidant capacity is in fact comparable to
vitamin C 28.

1.3.2

Monomeric Flavan-3-ols

Green tea is one of the most highly concentrated dietary source of monomeric
flavan-3-ols in Western diets 16,29. The main monomers found in the diet (Figure 1.2) are
(-) -epicatechin (EC), (-) -epicatechin 3-gallate (ECG), (-) -epigallocatechin (EGC), and
(-) -epigallocatechin 3-gallate (EGCG). (+)-Catechin, is also broadly distributed in foods,
for example in apples, grape seeds and cocoa 30. Nevertheless, the monomeric flavan-3ols are not limited to those aforementioned. Isomers including (-)-catechin, (-)epiafzelechin, and (+)-epicatechin are found in foods but are considered rarer in nature or
derived through process induced isomerization. This is the case for (-)-catechin in cocoa
31

. Hydroxylation of either the (+)-catechin or (-) epicatechin allows for the formation of

the gallocatechins, abundant in both green and black tea. Furthermore, esterification on
the C-ring, for example with gallic acid will produce larger monomers (ECG and EGCG),
as well as more complex structures such as proanthocyanidins 31.
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Figure 1.2 Most Common Flavan-3-ol Structures

1.3.4

Polymeric Flavan-3-ols Nomenclature and Characterization

Beyond monomeric forms in foods, larger oligomeric/polymeric forms make up
the largest portion of dietary flavan-3-ol forms. Oligomeric (with a degree of
polymerization (DP) 2-4) and polymeric (DP >4) flavan-3-ols or proanthocyanidins are
often referred to as condensed tannins or larger procyanidins. Nevertheless, these terms
define the broad groups of larger flavan-3-ols. Polymeric flavan-3-ols may incur a
degree of polymerization (DP) up to 50 units, and may be divided into two categories
based on their A ring classification, i.e. phloroglucinols and resorcinols 32. Among these
groups there are two phloroglucinol proanthocyanidins most commonly represented in
nature, procyanidins and prodelphinidins. Procyanidins have a 3’, 4’-dihydroxyl
substitution (epi-/catechin), while prodelphinidins display a 3’, 4’, 5’-trihydroxy
substitution (epi-/gallocatechin) pattern on the B ring 19. In this review, prodelphinidins
will not be of focus therefore will not be further discussed.
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Procyanidins are the most abundant type of proanthocyanidins found in plants.
Proanthocyanidin rich dietary sources include, but are not limited to apples, blueberries,
cocoa, cranberries, and grape seeds 29. These flavan-3-ols are mainly linked via C4C8
bonds or C4C6 bonds and are referred to as type- B procyanidins (Figure 1.2); the two
bond types give rise to eight variations of the type-B procyanidins. Type A dimers exist
as well via double interflavan linkages, C4C8 and C2O7 ether bonds 33. Other
linkages are found in nature, but of the two types mentioned, B is the most commonly
found in foods such as cocoa, grape and wine, while type A oligomers and polymers are
found, to a large extent, in products such as cranberries, plums, peanuts, and cinnamon 33.
Type C have also been referenced in literature in reference to trimeric forms, which are
successive C4C8 linkages of 3 monomeric flavan-3-ol units 19. Larger procyanidins
occur as well, specifically in cocoa and grape seed extract, ranging from tetramers to
decamers. A DP as high as 17 has been found in an extract of cider apple and may exist
up to 50 DP 20.

Theaflavin

Theaflavin-3’-gallate

Theaflavin-3-3’-gallate

Figure 1.3 Theaflavin Structures

Theaflavin-3-gallate
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1.3.4

Oxidized Forms of Flavan-3-ols

Oxidative reactions that impact flavan-3-ols are common in nature and through
food processing. These reactions allow for the formation of derived compounds that are
critical to the characteristic color and flavor of flavan-3-ol rich foods such as tea and
cocoa. In black tea production, enzymatically facilitated reactions occur during the
oxidative fermentation of green tea leaves lead to the formation of theaflavins and
thearubigins 34. There are four principal theaflavins that have been identified, i.e.
theaflavin, theaflavin-3-gallate, theaflavin-3’-gallate, and theaflavin-3-3’-digallate
(Figure 1.3) 35. Theaflavins are characterized as having an orange-red color in aqueous
solutions and a benzotropolone ring occurs as the product of dimerization of a catechin
and a gallocatechin 34. These oxidative products represent approximately 2% of the black
tea leaf and as much as 6% of the solids content of brewed black tea 36. Additionally,
other “further” oxidative products known as thearubigins and theabrownins have been
described in black tea. These compounds have been only partially characterized to date
but appear to be derived from theaflavins. Despite a lack of full chemical
characterization, these compounds are speculated to comprise ~20% of black tea leaves
and 60% of the solids content of brewed black tea 36.

1.3.5

Flavan-3-ols in Foods

Estimated flavan-3-ol content of common foodstuff has been compiled in several
databases that are publically available. Phenol-Explorer was initiated in Europe and
holds a database that incorporates over 500 different polyphenols found in over 400
foods. Similarly, the USDA Database for the Flavonoid Content of Selected Foods
provides data on over 500 foods, specifically related to the flavonoid subclass of
polyphenols (Table 1.1). As it may well be assumed, fruits and vegetables as well as tea
and cocoa products commonly consumed in the US contain some of the highest
concentrations of these compounds. For example, flavonoids can make up as much as
30% of the dry matter of certain tea leaves, which includes the major monomeric flavan3-ols: EC, EGC, and their gallic acid esters ECG and EGCG 37. One serving of green tea
(200 ml) may provide between 20-160 mg of the monomeric flavan-3-ols 18,38. A rich
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source of the procyanidins is dark chocolate, with as much as 1635 mg/100 g (fw) total
PC found, and over 50% of PC being > 4 monomeric units in size 33. Grape seeds or
grape seed extract (GSE), byproducts of grape juice and wine production are also a rich
source of both monomeric and polymeric flavan-3-ols. Monomeric flavan-3-ols are as
much as 660.3 mg/100 g, while polymeric units >10 DP represent 1100.1-mg/100 g of
dry weight. The total PC content may be as much as 3532.3 mg/100 g dry weight 33.
In most fruits and vegetables, the highest content of flavan-3-ols can be found in
the skins or seeds, so peeling can significantly impact these levels of phenolics actually
consumed 39. Further industrial processing may also have a significant impact on the
concentrations of flavan-3-ols in foods. Thermal and mechanical processing may lead to
damaging of plant tissue that allows for oxidative or enzymatic degradation 40. For
example, cacao beans when processed for cocoa liquor or powder are subjected to drying,
fermentation, and roasting steps. This results in the degradation of both (-)-epicatechin
and (+)-catechin, with an increase in the formation of the enantiomer (-)-catechin, which
has a lower bioavailability compared to the aforementioned compounds 41,42. On the
other hand, processing of grapes into juice and wine allows for an increase in the flavan3-ol content of the finished wine as extraction of these phenolics remains a critical
component of the overall flavor of the finished wines 43. In red wine production, the
increase of the compounds resveratrol, catechin, and epicatechin in the finished product is
due to fermentation facilitate release from contact with skin and seeds of grapes; with
both oxidative and enzymatic processes resulting in a higher general extraction of these
compounds from grape skins.
Additional studies have determined that processing methods such as water and
steam blanching may have differing effects on the flavonoid content as well. Though the
processing of beans is regarded as beneficial for the increase in nutrient bioavailability, it
has been shown to decrease the levels of flavonoids found in pinto and black beans. Xu
and Chang determined that in black beans, flavan-3-ols (C, EC, and ECG) were all
significantly reduced (p< 0.05) by regular and pressure boiling compared to regular and
pressure steaming after all samples were standardized via freeze-dried method 44.
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However, overall, while flavan-3-ols remain present in both fresh and processed
foods, their ability to react through processing and preservation suggest the potential for
significant losses of these compounds through processing. Unfortunately, very limited
data is available that discusses the impact of food formulation and processing on flavan3-ol fortified products. Since consumers today receive most of their caloric energy from
further processed foods, 45 it would be of great insight to determine the impact of these
processes on value-added flavan-3-ol recovery and delivery. Insight is therefore needed
to enhance the preservation of these compounds through a broad range of processing
operations including those formulated with high amounts of macronutrients capable of
interacting with flavonoids (discussed later).
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Table 1.1

Flavan-3-ols Found in Commonly Consumed Foods
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1.4.

Mechanisms of Flavan-3-ol Health Benefits

Research characterizing the potential health benefits of purified flavan-3-ols has
grown significantly over the latest decades (Figure 1.4). Often relying on preclinical
findings with purified compounds, their benefits as a part of a complex diet remain
unclear. Early research hypothesized antioxidant activity as a primary driver of flavan-3ol biological activity, but more recent evidence suggest other mechanisms are at play 27.
Due to low oral bioavailability of flavan-3-ols (discussed later), it is less likely that their
only means of activity is through antioxidant behavior. Furthermore, the metabolic
process in the host or by the activity of the microbiota in the GI tract yields multiple
metabolites including conjugated forms of these compounds. It is believed that this level
of metabolic conversion may impact much of the scavenging activity of the hydroxyl
groups 27,46. Still, flavan-3-ols, in their native forms, have the ability to chelate metal
ions, and scavenge radical oxygen, nitrogen, and chlorine from pro-oxidant activity. In
this section, some of the more recent advances of flavan-3-ol modulating effects on,
oxidative and inflammatory stress, glycemic control, neurodegenerative diseases, cancer
and cardiovascular disease will be described.

1.4.1

Control of Oxidative Stress

When tissue is damaged or deteriorated this can result in increased oxidative
damage by process of metal-ion release, phagocyte activation, lipoxygenase activation,
and disruption of mitochondrial electron transport chains, allowing the formation of O247

. This may lead to an imbalance occurs in the antioxidant defense mechanism and the

generation of free radicals. Although a natural process in normal cell function, this
increase in reactive oxygen species may play a secondary role in the detrimental effects
of many human diseases. Furthermore, enhanced oxidative stress is implicated in many
disease processes such as atherosclerosis, arthritis, cancer, and neurodegenerative
diseases. Flavan-3-ols, due to their structure are able to play an intricate role in this
process. Flavan-3-ols ability to bind to pro-oxidative divalent metals may contribute to
their antioxidant activity in vivo.
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The -OH groups at the 3 position of the C-ring, the 3’, 4’ of the B-ring, and others on the
galloylated moieties of some flavan-3-ols offer great antioxidant and chelating abilities 48.
Flavan-3-ols have also been shown to exhibit direct antioxidant activity against
oxidative stress in human vascular endothelial cells. A study using (+)-catechin and (-)epicatechin (0.5, 1, 10 µM concentration) along with the metabolites of (-)-epicatechin,
showed that a free catechol was primarily responsible for the compounds ability to
scavenge superoxide anion radicals49. The results also indicate that the glucuronidated
and methylated metabolites, although reduced, exhibited the same protective effects
against oxidative stress however presumably via indirect antioxidant activities49.
Indirectly flavan-3-ols are able to mitigate oxidative stress through induction of phase II
enzymes that are responsible for the detoxification of xenobiotics that may be present in
the system, which is likely their mechanism of action due to concentration that are
actually available 50. The tea catechin EGCG has been reported to have effects on
various pathways and receptors that are responsible for improved cardiometabolic
function and other biological pathways 51. An example of this is the ability of EGCG to
activate eNOS pathways that improve vasodilation and upregulates apoptosis by
elevating cGMP through the 67LR receptor51,52.

1.4.2

Inflammatory Stress

Inflammation is a natural response of the body that occurs as an attempt to repair
damage due to infection or other stresses. Chronic inflammation can occur when this
process is inefficiently regulated, and is recognized as precursor to several chronic
degenerative diseases such as cardiovascular disease (CVD), cancer and diabetes 53. The
mechanisms by which some flavan-3-ols have proven effective as anti-inflammatory
agents include (1) acting as antioxidants and/or radical scavengers 54, (2) regulators of
cellular activity of inflammatory cells 54, (3) modulators of arachidonic acid metabolism
enzymes55, (4) modulators of pro-inflammatory cytokine production and gene expression
53,56

.
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Figure 1.4

Potential Implications of Flavan-3-ols in Health
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1.4.3

Neurodegenerative Disease

There are multiple forms of neurodegenerative processes including normal agerelated cognitive decline, neuronal damage induced by traumatic brain injury as well as
disease states such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). Many are
characterized by an increase in oxidative and inflammatory stress as well as other
processes which leads to damage to neuronal tissues and function 57. Flavan-3-ol rich
foods and their purified forms have, by virtue of their abilities to chelate metals such as
iron and modulate oxidative and inflammatory processes and antioxidant abilities, seen
an influx of potential in their use in prevention or as therapeutic agents. For example,
epidemiological studies have shown that elderly population that consume higher levels of
green tea (high in flavan-3-ols) had a decreased prevalence of cognitive impairment 48,58.
Likewise, in a 13 year study drinking three cups of tea/day was associated with decreased
risk of PD 48,59. However, scarcely found are clinical data representing the efficacy of
these flavan-3-ols in AD and PD. Animal models have also allowed for more
mechanistic approach to determining the efficacy of EGCG in cognitive functions.
Varying dosages and concentrations of EGCG in multiple animal models have resulted in
extension of mean life span 60, prevention of age related memory decline 61, and
protection against brain inflammation 62.

1.4.4

Cancer

Tea derived flavan-3-ols, have shown considerable potential as anticancer agents
in a number of epidemiological cell and animal studies with particular implications for
cancers of the gastrointestinal tract. EGCG in particular has been the most studied of the
flavan-3-ol compounds by virtue of its abundance in tea and reported biological activity.
As a result, as noted by Wang and Jiang, clinical trials have been initiated to support
further research on the therapeutic nature of the compound EGCG 63. Clinical studies
determining the efficacy of EGCG on colorectal and prostate cancers have demonstrated
some potential, but more insights are needed to clarify the role of this flavan-3-ol in
particular. In a pilot study, oral administration of green tea extract along with a tea
drinking lifestyle decreased the incidence of colorectal adenomas in treatment group
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(15%) compared to a control group (30%) after 12 months 64. Likewise, another clinical
trial using green tea catechins for chemoprevention of prostate cancer indicated that
tumors from neoplasias formed in only 3% of the treatment group, while incidence of
tumors was 30% in the placebo group 65. While promising, more research is needed to
better understand the potential benefits of flavan-3-ols from tea as well as other sources
in cancer prevention.

1.4.5

Heart Disease

Epidemiological data supports the claim that diets rich in flavonoid- containing
fruits and vegetables result in reduced risk of CVD 66. More specifically, cocoa and its
flavan-3-ols have been the subject of various clinical trials investigating the mechanism
behind their benefits. A meta-analysis of clinical trials including a collective n= 1297,
has drawn some consensus that flow-mediated dilation improvement, reductions in blood
pressure, as well as reduced insulin resistance are likely primary mechanisms for flavan3-ol, and epicatechin in particular, benefits toward cardiovascular protection 67.
Likewise, a meta-analysis of 14 randomized controlled trials (n=1136), demonstrated that
green tea consumption has the ability to offer cardiovascular protection by decreasing
LDL-cholesterol and total cholesterol concentrations with no regard to individual health
status or treatment of dose of green tea flavan-3-ols 68.

1.4.6

Obesity & Diabetes

More than one-third of the US adult population is recognized as being obese 69.
Obesity is caused by a disturbance of energy balance in which energy intake exceeds
energy expenditure; while type II diabetes is typically a result of chronic overexposure to
energy dense diets. Some flavan-3-ols, including tea catechins and grape seed
procyanidins have demonstrated potential in weight management as well as antihyperglycemic effects. In a diabetic rat model, it was demonstrated that grape seed
procyanidins might have insulin-like effects in insulin sensitive cells therefore allowing
an anti-hyperglycemic effect. This effect was significantly increased when animals were
administered a low insulin dose 70. Hsu et al. showed in their double-blind, placebo-
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controlled crossover design study that a flavan-3-ol enriched oolong tea consumed along
with a high fat food may increase lipid excretion by modulating lipid metabolism 71.
Meta-analysis of 11 studies on weight loss and weight management after green tea
supplementation indicated that flavan-3-ols might significantly reduce body weight and
maintenance after weight loss. A smaller effect was seen in Caucasians as compared to
Asians, while caffeine intake was noted to moderately alter these effects 72.
Strict glycemic control may prevent or reduce the risk of complications due to
diabetes. Flavan-3-ols, in more recent years, have demonstrated the potential to modify
acute blood glucose response by inhibition of starch digestive enzymes and interaction
with intestinal glucose transporters 73. In a Caco-2 cell model, under both sodium
dependent and independent conditions, Johnston et al. showed that the tea flavan-3-ols
EGCG, EGC, and ECG were able to significantly (37%, 60%, and 65% respectively)
reduce cellular glucose uptake compared to a control 74. Additionally, Cordero-Herrera
et al. determined that cocoa extracts and (-)-epicatechin were able to enhance insulin
receptors, activate key proteins in the insulin signaling pathway, and regulate glucose
production through modulation of the AKT and AMPK proteins in HepG2 cells,
decreasing glucose formed through hepatic gluconeogenesis 75. Though studies indicate
many flavan-3-ols have the ability to mediate blood glucose and onset of obesity, their
mechanisms of action are still under investigation. Studies have indicated modulation of
enzyme activity, SNS activation, and mRNA as a few of the possible mechanisms76.
Both in vitro and clinical studies support potential modulation of lipid and glucose
absorption via disruption of lipid micelle formation and competition for transport
respectively77-80.

1.5

Macronutrient Flavonoid Interactions

While flavan-3-ols are reported to have a variety of biological activities, it is
perhaps by virtue of their interactions with macro and micronutrients that occur through
the gastrointestinal tract and in the body that provide the greatest potential to impact
health endpoints related to GI tract cancers, CVD and obesity/diabetes. In this regard,
consideration should also be given to the interactions that may occur prior to digestion,
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such as those occurring within the food matrix that affect food structure, function and
digestibility and by extension availability of flavan-3-ols. In this section,
protein/carbohydate-flavan-3-ol interactions will be further discussed in regards to
mechanisms, physical consequences in foodstuff, and modulations in metabolism and
absorption.

1.5.1

Protein/Flavan-3-ol Interactions

Polyphenol-protein interactions are perhaps one of the most widely documented
interactions that impact physical/chemicals properties of both polyphenols and proteins in
foods and biological systems. Flavan-3-ols are well known to impart an astringent taste
or “puckering effect” when consuming foods that contain them. This response is due to
the chemical nature of flavan-3-ols, allowing them to bind at multiple sites of proline rich
salivary protein eventually leading to their ultimate precipitation in the oral cavity 81,82.
This phenomenon is driven by non-specific interaction and occurs not only with the
salivary PRPs, but also may be seen in food proteins as well, limiting their digestibility 83.
This phenomenon is best characterized by a process of flavan-3-ol and protein noncovalent interactions. During the course of the process, saturation of binding sites on the
protein occurs by interactions with polyphenol (Figure 1.5). This saturation results in
compaction of randomly coiled proteins and eventual cross-linking between itself and an
additional protein-polyphenol unit. Finally, aggregation of the protein-polyphenol units
result and subsequent precipitation is observed. Metastable colloid forms are possible as
intermediates and can remains soluble in solution resulting in a visual haze formation but
even these eventually result in precipitation 12,84.
Haslam indicates that hydrophobic interactions are the central force driving
flavan-3-ol/protein interactions. These interactions occur between the aromatic rings of
the flavan-3-ol and the pyrrolidone rings of propyl residues in proteins 85. These
interactions are stabilized by hydrogen bonding between the –OH groups of the flavan-3ols and the –H receptor sites of proteins 85,86. As a result, polymeric flavan-3-ols and
proline-rich proteins (PRP) such as gelatin, incur favorable conditions for complexation
and eventual precipitation effects82.
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It is possible that these types of interactions may impact the digestibility of the PRP and
the eventual digestive release and bioavailability of the flavan-3-ol.

Figure 1.5

Schematic of Polyphenol-Protein Interactions Leading to Precipitation

Due in part to their ability to impart astringency, it is not surprising that flavan-3ol rich foods (e.g. dark chocolate and black tea) are often formulated with milk to manage
this response. It is also not surprising that these interactions have been the subject of
several investigations over the years. Flavan-3-ols have been shown to weakly bind to βlactoglobulin in solution and add to the protein’s structural stability through an increase
in β-sheet and α-helix 87. The order of binding was also shown to increase as the number
of hydroxyl groups increased 87. In a study with caseins (α- and β-caseins), similar
results indicated the number of -OH groups of the flavan-3-ol being a driver of binding,
however with casein proteins there was a decrease in α-helix and β-sheets with an
increase in random coils leading to protein unfolding 88.
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Stronger binding was seen in β-casein when compared to α-casein which was attributed
to the more hydrophobic nature of the protein (Table 1.2) 88.

Table 1.2

Binding and Secondary Structural Effects of Select Flavan-3-ols on
Protein87,88

Binding of flavan-3-ols with proteins is known to impact secondary and tertiary
structures of proteins, which may influence changes in their functionality. For example,
green tea extract when added to a whey protein concentrate solution has been reported to
increase the firmness and adhesiveness of the gels in addition to decreasing the gelation
temperature 89. When using egg albumin proteins, the addition of tea flavan-3-ols
enhanced the foaming and gelling properties 13. The foam stability was increased to 97100% after 10 min of whipping compared to 34% in a control egg albumin solution 13.
Gels were shown to have a significantly higher storage modulus compared to the control
gel 13. These studies expand the knowledge of flavan-3-ol incorporation into protein
matrices, as well as offer gaps in the translation of the results into actual food products.
Unfortunately, most studies focus on a singular protein source or flavan-3-ol and utilize a
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single concentration, often artificially high, resulting in a gap in the literature and ability
to translate these findings to meaningful food products. Additional studies are necessary
to allow a direct comparison of extract concentrations with multiple protein matrices and
translation to multiple product forms desired by consumers. Also, most studies only
investigate the effects of monomeric flavan-3-ol rich extracts. Effects of the polymeric or
oxidized forms, such as those found in grape seed extract are minimally understood.
Investigations that detail structure-function relationships through varying DP and
multiple protein systems would offer a holistic understanding of these molecules and
their interactions.

1.5.2

Carbohydrate/Flavan-3-ol Interactions

Flavan-3-ol interactions with carbohydrates are believed to be driven by similar
forces as protein interactions. This is due to the hydrophilic/hydrophobic nature of the
macromolecule 24. The extent of the interaction is governed by the hydroxylation of
flavan-3-ol and the structure of the carbohydrate, with differences being seen in the
digestible and non-digestible carbohydrates, as well as differing ionic strengths. In fact,
Le Bourvellec and colleagues were able to demonstrate a difference in apparent affinity
among select polysaccharides and procyanidins found in apple juice, pear juice, and
grape seed extract (citrus pectin > tamarind xyloglucan > commercially available starch >
commercially available cellulose) 90. Their investigation exhibited an increase in the
affinity constant as procyanidins increased in DP. The only exception was cellulose. On
the other hand, pectins demonstrated a greater affinity than all other tested
polysaccharides possibly due to their ability to form hydrophobic pockets which
encapsulated the procyanidin 90. The structural conformation of both cellulose
(microfibrils) and xyloglucans (globules) was thought to provide only surface adsorption
and permit aggregation formation, hence limiting the further associations 91.
The impact of these interactions is not limited to conformational changes in the
structures of these carbohydrates. Some studies suggest that these structural changes
potentiate physical changes in the carbohydrates functional properties as well. In a study
that monitored the effects of tea flavan-3-ols on rice starch retrogradation, it was found
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that higher concentration may induce gelatinization of the starch at lower temperatures
with peak viscosity being reached at lower temperatures as well 92. Retrogradation
enthalpy for the rice starch of samples inclusive of >10% tea flavan-3-ols did not appear
until 20 days of storage, as such, were significantly lower than the control with no tea
flavan-3-ols 92.
These effects have implications for formulation and process designs and new
products that may find it necessary to delay the retrogradation process for extended
periods. However, at the usage levels suggested, incorporation of flavan-3-ol extracts at
these concentrations are well beyond levels that may be palatable in a commercial food
product. The astringent factor imparted by the increased levels of the polyphenols deter
usage at the upper limits of human sensorial detection, as evidenced by a study on the
quality effects of green tea extract in bread formulations. Concentrations of green tea
extracts at 1.5 and 5.0 g/kg flour both showed significant increases in the perception of
astringency of both untrained (p <0.1) and untrained (<0.01) panelists93. While
promising, additional insights are needed to translate the multifunctional nature of the
polyphenols into real food systems.

1.5.3

Mixed Matrix Interactions

Consideration of food physical properties and competition between interactions
described above is also warranted in determining the effects of interactions and
processing on food matrices fortified with flavan-3-ols. When green tea extract was
incorporated in a bread formulation, differences were found in many of the physical
properties associated with the product. At its highest concentration of 0.5% of the flour,
significant differences were found in the hardness (p< 0.005), crumb porosity (p< 0.05),
and stickiness (p< 0.05) with instrumental analysis93.
Macronutrient/flavan-3-ol interactions may also be modified by further
interactions that occur when the matrix has multiple components, as would be expected in
complex food systems. Particularly, many studies have determined that interactions with
certain carbohydrates may alter the availability of flavan-3-ols to interact with proteins
critical to structure. Mateus et al. described the action of xanthan gum, pectin, and gum
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arabic as disruptive to the formation of insoluble complexes between grape seed
procyanidins and bovine serum albumin (BSA) 94. Their results indicate that these
carbohydrates are very effective in blocking insoluble complexes of lower DP
procyanidins compared to their larger counterparts. Ionic character and structure were
hypothesized as drivers for the interactions. Xanthan gum exhibited the greatest
solubility effects on the complexes, having a charged tri-saccharide side chain, allowing
for higher potential of hydrophilic interactions 94. Structurally, xanthan gum’s ability to
form gel-like solutions may have allowed for encapsulation of the smaller procyanidins,
however slightly ineffective with the larger DP procyanidins 94.
Additional studies further implicate carbohydrates as disruptors of
protein/flavan-3-ol insoluble complex formation. Liang et.al reported similar interactions
in studying the effect of carbohydrates (sucrose and gum arabic) on procyanidin B3 and
lysozyme interactions 95. Initially the study determined that procyanidin B3 may
spontaneously bind with lysozyme inducing insoluble aggregates with multiple structural
changes to the protein. These modifications resulted in inhibition of lysozymes activity
against M. lysodeikticus 95. However, the study distinguished that introduction of a
simple carbohydrate (sucrose) and an acidic polysaccharide (gum arabic) had differential
effects on complex formation with lysozyme.
Both sucrose and gum arabic were able to reduce aggregate formation and manipulate
enzyme activity but assumingly by two different mechanisms (Figure 1.6):
•

Gum arabic was assumed to form soluble ternary complexes,
encapsulating the protein within the carbohydrate and procyanidin as
described by Mateus and colleagues 94. This allows for reduction in
aggregate size however no changes in fluorescence activity, and
inhibition of activity of the enzyme.

•

Sucrose, on the other hand, reduced aggregate size but allowed recovery
of fluorescence, suggesting that it may adsorb at the surface of the
procyanidin, hence recovery of enzymatic activity 95.
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Figure 1.6

Adaptation of Potential Tertiary Protein/Carbohydrate/Polyphenol Complex

1.5.4

Interactions with Biological Proteins

In addition to interactions with food proteins it is important to consider the
ability of flavan-3-ols, pre- and post-intestinal absorption, to interact with biological
proteins. These interactions that may have an impact both on food digestion as well as
other biological endpoints when consumed at different levels. Williamson discusses these
impacts in an extensive review of intervention studies, indicating flavan-3-ols at varying
dosages may have differing effects on biological biomarkers. Noting that green tea
extracts dose-dependently increase plasma antioxidant activity (150, 300, 400 mL)96, fat
oxidation (7.5 g and 15 g tea) 97, and energy expenditure (90 mg EGCG) 98,99. Green tea
extract has also been shown to reduce starch digestion when incorporated in a gelatinized
maize starch paste (10% based on starch content) 100. It was indicated that a noncompetitive interaction with the α-amylase inhibited its action, allowing a decrease in
maize starch breakdown100.
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Perhaps most notable are flavan-3-ol abilities to associate with digestive
enzymes and manipulate digestion of macronutrients central to disease risk such as lipids
and starch. Lambert and colleagues determined that structural characteristics of
proanthocyanidins (PACs), type and extent of DP in particular, have great influence on
its ability to act as an inhibitor of phospholipase A2 (PLA2, responsible for fatty acid
release from glycerophospholipids) and act as a potential mechanism of its action101. In
fact, results of their comparative enzyme testing showed that A-type PACs (found in
cranberries) were less effective as inhibitors than B-type PACs (found in cocoa and grape
seeds) on PLA2 (Table 1.3). Further, the in silico modeling studies showed that the Btype PACs were able to occupy the hydrophobic pocket of the PLA2 without altering the
structure; blocking the active site from substrate binding. A-type PACs however render
the hydrophobic pocket open, potentially available for further interaction 101.

Table 1.3

Comparison of Procyanidin Effects on Inhibition of Phospholipase A2

The extent to which the presence of carbohydrates may impact flavan-3-ols’
ability to interact with digestive enzymes have also been studied. Particularly,
carbohydrates of differing ionic character were used to study their influence on
procyanidin B3 and trypsin interaction. It was found that all ionic carbohydrates, upon
addition, were able to disrupt trypsin/ procyanidin B3 interaction by mode of
competition, demonstrating an increase in fluorescence and loss of binding shown via
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STD-NMR 102. However, it is important to note that these studies have not taken into
account the effect of the digestive process on potential interactions. Naz and colleagues
suggest that while flavonoids such as epigallocatechin-3-gallate (EGCG) have inhibitory
effects on α-amylase, chymotrypsin, trypsin, and lactase, these effects are lessened in the
presence of salivary proteins 103. Even at varying physiological pH levels, in the case of
α-amylase, salivary PRPs were nevertheless able to alleviate the inhibitory properties of
EGCG 103. Therefore, consideration of the impact of the broader non-specific
interactions that may be occurring between flavan-3-ols in food must be considered when
placing these studies into physiological context. This includes both on activity in the GI
tract and the ultimate release and bioaccessibility of flavan-3-ols during normal digestion
of foods with complex interactions.

1.6

Bioavailability & Bioaccessibility

Bioavailability, as it applies to flavan-3-ols, can be defined as the extent to which
flavan-3-ols are absorbed from the food matrix and becomes available at the site of
action104. The term bioaccessibility describes the presence of the compound at the apical
surface of the enterocytes 104. Therefore the bioaccessible fraction of flavan-3-ols, is that
level of compounds that are accessible post-digestion and available for intestinal uptake
(Figure 1.7)104. The primary driver of the flavan-3-ols’ capacity to aid in therapeutic
measures is its level of bioaccessibility, of which may be influenced by 3 important
factors associated with the digestive process: (1) release of the flavan-3-ol from
interaction within the food matrix, (2) their stability in the gastrointestinal tract, and (3)
solubility in the aqueous phase of the gut lumen 105.
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Figure 1.7

Schematic of Bioaccessibility & Bioavailability via Digestion

1.6.1

Factors that Influence Bioaccessibility

As described previously, flavan-3-ols formulated in a food matrix, can interact
with other components including proteins, lipids, or carbohydrates. These interactions
may result in complexes that are soluble or insoluble through the extent of the digestive
tract, however those deemed insoluble will limit the bioaccessibility and potentially the
eventual availability of the flavan-3-ols. As Moser et.al reported, co-formulation of tea
flavan-3-ols with select milk proteins in liquid solutions, resulted in direct binding
interactions of the compounds. However effective GI digestion disrupted this binding by
breaking the interactions between polyphenols and proteins and restoring their
bioaccessibility 6. Therefore, interactions between macromolecules and phenolics may in
fact be disrupted through normal digestion. However, this effect is not documented
across different food matrices, so the full extent to which such interactions may impact
bioavailability of biological effects remain to be investigated.
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Interestingly, Schramm et al. administered cocoa flavan-3-ols to subjects in the
presence of different foods in a crossover designed intervention study and determined a
beneficial effect provided by protein and carbohydrates 106. When comparing the
catechin and epicatechin in the plasma of the individuals, it was found that those whom
consumed sugar and bread along with the cocoa flavan-3-ols had a 140% increase in
plasma flavan-3-ols over the control (cocoa flavan-3-ols consumed alone) 106. These
results are also in agreement with other studies utilizing green tea107 and grape seed
extract5 that determined the bioaccessibility and bioavailability of monomeric and
oligomeric flavan-3-ols from a carbohydrate rich matrix through in vitro and in vivo
models. Both studies found that carbohydrate-rich meals increased the bioavailability of
the flavan-3-ols found in the extracts. Not only that, but both dimer and trimer
procyanidins were absorbed and present in rat plasma, reaching a maximum
concentration at 1 h post consumption, but also that those ingesting grape seed extract in
the presence of a carbohydrate rich food had a higher concentration than those without 5.
While these effects may be related to direct and indirect interactions of flavan-3-ols with
macronutrients or key transport systems in the GI tract, these studies represent the
importance of food matrix considerations on the bioaccessibility and bioavailability of
flavan-3-ols.
Degree of processing is another variable that should be considered. Only a few
studies mention or explore the potential compounding effects processing may have on
bioaccessibility of flavan-3-ols. In the case of whole grains, processing has been
previously documented as having a beneficial effect on the bioaccessibility of phenolic
acids, allowing for the release of polyphenols from cell walls, increasing their availability
108,109

. However less is known of the bioaccessibility of flavan-3-ols fortified into food

products or model matrices. Processing may in fact drive certain interactions within the
product either enhancing or limiting bioaccessibility. Exploration of both food
processing and food matrix effects on bioaccessibility is an area of research for further
growth as more concern is placed on the availability of these health-promoting
compounds.
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Additional consideration for bioaccessibility of flavan-3-ols is the successful
stability of the compounds through the digestive process. In the oral cavity, flavan-3-ols
have their first interactions with biological proteins and potential for formation of
complexes under near neutral pH conditions. In particular, tannins have been shown to
have an increased affinity for interaction with proline-rich proteins found in human saliva
110

. Likewise both monomeric and polymeric flavan-3-ols have shown the ability to

interact with salivary α-amylase 111. However, no modification or significant degradation
to flavan-3-ols in the oral cavity has been reported 112,113.
In the stomach, the food matrix is subjected to exposure to the enzyme pepsin for
protein hydrolysis and a highly acidic environment (pH 1-3). Flavan-3-ols, specifically
monomeric ones have demonstrated greater stability under these acidic conditions 114,115.
Particularly, Zhu et al. showed that the monomers catechin and epicatechin and the
dimers B2 and B5 had differing stability to acidic conditions that simulated gastric pH
conditions 114. The monomers were very stable however, both dimer B2 and B5 degrade
to epicatechin and isomerize to B5 and B2 respectively 114.
The resulting chime then enters the small intestine where the pH is elevated to
near neutral conditions and is combined with enzymatic secretions from the intestine,
liver, and pancreas that further breakdown proteins, lipids, and carbohydrates. These
intestinal juices may reach a pH of approximately 6.5-8.5. This is critical as flavan-3-ols
are highly unstable in alkaline solutions (over pH 7). These conditions can result in
oxidation mediated dimerization of EGCG, epimerization of (-)-epicatechin and (+)catechin, and complete degradation of procyanidins B2 and B5 114,116. More specifically,
following a 2-stage in vitro digestion (gastric and small intestine) it was found that losses
of EGCG, EGC, and ECG being as much as 91, 100, and 61% respectively 117. More
importantly perhaps, is the extent to which degradation of these compounds through the
digestive process impacts their ability to provide a benefit in the body. Each of the
homodimers (theasinensins) formed as a result of the digestive process has markedly
lower inhibitory effects on pancreatic lipase activity in vitro compared to its parent
compound, EGCG 118. The small intestine is the site of majority of flavan-3-ol
absorption. However, this occurs only if the flavan-3-ols are soluble in the aqueous
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phase of the lumen, allowing diffusion across the unstirred water layer104. Therefore,
interaction with digestive enzymes or food matrix may modulate both stability of
monomeric flavonoids and absorbable concentrations due to insoluble complexation112.

1.6.2

Absorption and Metabolism of Flavan-3-ols

Upon absorption in the enterocytes, available monomeric flavan-3-ols may be
distributed into the portal vein and found in the plasma at Cmax as soon as 0.8 hours post
consumption 117,119. It was determined that dosages between 1 to 100 μM concentration
of catechin resulted in an absorption rate of approximate one-third the initial dose,
suggesting passive diffusion as a mechanism of transport, as this proportion is as
expected for passive transport 120,121. Furthermore, monocarboxylic acid transporter
(MCT) has been recognized as a transporter of flavan-3-ols, specifically ECG 122. Efflux
transporters have been shown to be responsible for passage of flavan-3-ols back to the
intestinal lumen for potential excretion. Specific transport of flavan-3-ols occurs as a
result of action by multidrug resistant associated proteins (MRP) 2, MRP1, and to a
limited extent P-glycoprotein104,122. Phase II enzymes, are then responsible for the
detoxification reactions that involve glucuronidation, sulfation, and methylation of
flavan-3-ols respectively. Phase II metabolites, as well as some of the parent flavan-3ols, may then enter the plasma for dissemination to other cells. According to Manach et
al., EGCG is the only polyphenol found in plasma in its free (non-conjugated) form, 18.
Degree of polymerization and galloylation seem to be drivers of the
bioavailability of flavan-3-ols as procyanidins with a DP >3 are not absorbed in the small
intestine 123. The oligomeric and polymeric procyanidins offer benefits yet and still
potentially via their effects and absorption in the large intestine where microbiota may
metabolize the compounds. Proanthocyanidins, along with those flavan-3-ols that are
efflux back to the intestinal lumen, may flow to the large intestine where gut microbiota
will determine their fate. The gut microbiota are assumed to be responsible for EGC and
EC metabolites that are produced in renal excretion peaking at 7.5-13.5 h after ingestion
and accounted for 6-39% of the ingested total 124. However, in a follow-up study, it was
determined that the amount of aromatic acids produced decreased as the degree of
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polymerization increased, suggesting that larger highly polymerized procyanidins escape
microbial metabolization 125. Thusly the metabolism of flavan-3-ols is an area of research
to be further explored.

1.7

Specific Research Aims

In the context of the material presented in this review of literature, many avenues
are yet to be explored involving macronutrient-polyphenol interactions. The interactions
of flavan-3-ols with macronutrients such as proteins and carbohydrates are an inevitable
consequence of the preparation, processing and consumption of foods. Therefore, a
greater understanding of the potential modulation in macronutrient functionality as well
as potential disruption or protection of the bioactive compounds in the context of typical
food matrices is of great relevance to both the food industry and consumers. Current
evidence suggests that structure-function relationship of macronutrient/flavan-3-ol
interactions exist. However, this relationship post-processing and digestion are not clear.
Likewise, much of the data available is restricted to the interactions that occur among
liquid matrices, often utilizing single flavan-3-ol compounds or well defined protein
ingredients. Therefore, consideration of further processed foods that are formulated with
these compounds and are more representative of end use products i.e. foams, gels, pastes,
and emulsions are warranted.
The overall objective of this project was to describe the implications of
macronutrient/flavan-3-ol interactions on macronutrient functionality and flavan-3-ol
bioaccessibility in specific model food matrices of differing physical properties (gels,
foams and emulsions). The goal of these studies is to present a holistic view of the
effects of interaction, processing, concentration, and flavan-3-ol profile on functionality
and bioaccessibility within a model processed food system.

Aim 1 explored the effects of protein/flavan-3-ol interactions on the protein
functionality in model food matrices. The working hypothesis is that interactions
formed between the flavan-3-ols and specific proteins through processing will modulate
the ability of each protein ingredient to provide typical functionality within the function
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of the given matrix. Though protein/flavan-3-ol binding interactions have been
researched, the practical implications of these interactions have not been
comprehensively defined. Currently, limited data exists to implicate a positive or
negative effect of protein/flavan-3-ol interaction on the ability of the protein to function
in a gel, as an emulsifier or to create and stabilize foam. Studies performed investigated
the impact of extracts (green tea and grape seed) on the determination of initial foaming
and/or emulsion stability of sodium caseinate. Foaming properties including capacity,
strength, and stability were measured. In determination of emulsion properties of
proteins, characteristics such as capability and stability were measured. Exploration of
the dynamics of protein/flavan-3-ol (gelatin and whey protein isolate) interactions in
relation to gelation were assessed. Rheological properties such as small and large
deformation characteristics (gel strength) were determined for all treatments.
Aim 2 demonstrated the effects of carbohydrate/flavan-3-ol interactions on
the characteristics of select carbohydrate pastes and gel properties. The working
hypothesis is that like protein matrices, flavan-3-ol incorporation into carbohydrate
systems would modulate physical properties of these macronutrients. Specifically, wheat
starch and κ-carrageenan are the carbohydrates to be explored, exhibiting commonly
utilized digestible and indigestible carbohydrates found in processed food products. In
aim 2, experimentation focuses on the changes in rheological properties similar to aim 1.
Pasting temperatures, viscosity, and gelling properties were determined as necessary for
each of the matrices.
Aim 3 determined the effects of macronutrient/flavan-3-ol interaction and
processing on ultimate bioaccessibility of flavan-3-ols. The working hypothesis was
that the interactions of the flavan-3-ols within food matrices were modulated through
interactions with the macronutrients. These interactions may have a positive and/or
negative effect on the stabilization of the flavan-3-ol through the digestive process. This
aim specifies the various parameters associated with the digestion of
macronutrient/flavan-3-ol complexes and seeked to determine which, if any, have
influential roles in bioaccessibility. While in aim 1 & 2 the goal was to determine
physical characteristics of the interactions, aim 3 was explore potential physiological

34
impacts of the macronutrient/flavan-3-ol interactions from the model-processed foods.
The goal was to determine if the site of binding and/or manipulation in functionality of
the proteins by the flavan-3-ols play a role in the bioaccessibility. The digestibility of
flavan-3-ols was determined by comparing initial flavan-3-ol levels in the model systems
to those in the final digesta. Bioaccessibility of these compounds was expressed as the
fraction of polyphenols present in the final aqueous digesta as compared to the
concentrations found in the initial extract.
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CHAPTER 2. EFFECTS OF FLAVAN-3-OL RICH GRAPE SEED AND GREEN TEA
EXTRACTS ON THE FUNCTIONALITY OF SELECT DAIRY PROTEINS

2.1

Introduction

Consumer interest in “better for you” products is driven by several factors
including the growth of an aging population and increased awareness of research linking
diet quality to the onset of chronic diseases 126. This market has provided opportunities
for new functional foods focused on delivering health benefits beyond that provided by
their basic nutritional value 3. This notion includes the potential physiological impact of
nutrients such as functional proteins and non-nutrient bioactive plant based
phytochemicals that have been associated with prevention of specific chronic and
degenerative diseases 66,127,128.
It is important to consider that translation of new functional platforms is best
accomplished on existing product platforms. This includes combinations of protein based
or enriched products which are widely distributed in the market 2. Protein based snacks
and beverages are commonly leveraged in products aiding performance and recovery,
weight loss and management, as well as management of appetite and satiety 129-131. Dairy
proteins in particular provide an established foundational matrix due to the structure and
functionality in food systems. Their capacity to function as emulsification and foaming
agents as well as their gelation properties make them uniquely suited as carriers of
additional bioactives including phytochemicals. Whey proteins in particular are
important in food products such as yogurt, puddings, and dairy smoothies as they provide
the structure, viscosity, and characteristic mouth-feel for a variety of consumer products
132 133

. Likewise, casein based ingredients offer diverse emulsifying and foaming

capabilities with broad applications in liquid and dry products 134.
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Additionally these dairy proteins have also been studied for their ability to act as a natural
carrier for phytochemicals, masking their taste and potentially facilitating their
stability135. Interest in leveraging plant-based polyphenols in functional food products has
continued to grow. Flavan-3-ols in particular, are a key sub-group of the class of
flavonoid polyphenols 19 abundant in select fruits, cocoa and tea as well as their extracts.
Flavan-3-ols in particular have been associated with health benefits including the ability
to prevent or ameliorate diabetes, neurodegenerative diseases and cardiovascular disease
48,66,72

. Flavan-3-ols are the most widely consumed flavonoid in the western diet 16, as

such, extracts of tea, cocoa and fruits are commonly formulated into functional food
products136.
Many flavan-3-ol extracts have been leveraged in food products. Green tea and
its extracts (GTE) are perhaps one of the most widely studied and applied in food and
beverage systems. Green tea is abundant in monomeric flavan-3-ol forms including (-)epicatechin (EC), (-)-epicatechin 3-gallate (ECG), (-)-epigallocatechin (EGC), and (-)epigallocatechin gallate (EGCG). A serving of green tea may provide as much as 238 mg
of flavan-3-ols 38,137. EGCG, the primary flavan-3-ol in green tea, has been implicated in
many of tea’s biological activities 37,56,57. As such, highly refined and purified EGCG
ingredients have been developed as a means to enhance food content of this specific
polyphenol without impacting the flavor or texture of products as GTE has been reported
to do 4,138. Grape seed extract (GSE), a byproduct of grape juice and wine production, is
also rich source of both monomeric and polymeric flavan-3-ols (proanthocyanidins)
which have been associated through both preclinical and clinical studies to positively
impact cardiovascular and neurodegenerative processes 63. While monomeric flavan-3ols may contribute as much as ~660 mg/100 g of GSE dry weight, total proanthocyanidin
content has been reported to be as high as ~3500 mg/100 g dry weight 33.
Considering the biological functionalities of both protein and polyphenols, it is
not surprising that application of both in functional food systems has grown. Interactions
between polyphenols and proteins have been well documented and reviewed over the
years with significant impact on protein structure, function and polyphenol
stability/bioavailability from foods 84,86,139. Considering that ultimate delivery of product
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quality remains key to successful implementation of novel functional products in market,
characterization and control of these interactions play a tremendous role in this outcome
as such characterization of their interaction in foods is essential. Primarily driven by
hydrophobic interactions, protein-polyphenol associations are stabilized by hydrogen
bonding. These interactions may be strong enough to impact physical stability,
functionality, and potentially even physiological delivery (bioavailability/bioactivity) of
flavan-3-ols 84.
With the basis of protein-polyphenol interactions well documented in highly
controlled systems, understanding of both phenolic and protein chemistry/functionality in
more complex extract and food matrices is still somewhat lacking. Reports of polyphenol
interactions influencing taste 12 as well as functional properties do exist, including dough
conditioning 140, foaming stability 13 and haze formation in beer 14. However, the
majority of observations have been made using highly purified model systems without
systematic investigation of dose ranges or ingredient selection needed to expand the
application of polyphenol based ingredients into broader consumer food systems. While
these observations are promising, additional information is needed on the consequences
of inclusion of relevant doses of flavan-3-ols specifically in dairy protein based food
systems that more closely replicate usages in typical food systems including foams,
emulsions and gels.
In the current study the impact three widely utilized flavan-3-ol ingredients (GTE,
GSE and purified EGCG as Teavigo®) on dairy protein functionality was assessed in
model food matrices including gels, foams and emulsions. As described above, these
flavan-3-ol sources provide distinct forms of monomeric (GTE), polymeric (GSE) and
purified (EGCG as TVG) flavan-3-ol presenting the opportunity to characterize, to a
certain extent, the differences imparted by the structures found in each. The effects of
these flavan-3-ol rich ingredients on the formation, physical properties and stability of
whey protein (WPI) gels, sodium-caseinate (SCN) foams and emulsions were
documented in broad ranges approximating those that could be practically applied in
functional food systems.
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2.2

Materials and Methods
2.2.1

Materials

Whey protein isolate (BiPro®, 95% protein) used in gels, was generously provided
by Davisco Foods International (Eden Prairie, MN) and sodium caseinate (FB100, 90%
protein), used in emulsions and foams, was provided by Farbest Brands. 92% pure EGCG
(Teavigo®-TVG) was donated graciously by Taiyo International Inc. (Minneapolis, MN)
green tea extract (GTE) was provided as a gift by Nestlé Product Technology Center
(Marysville, OH) and Meganatural Gold grape seed extract (GSE) was purchased from
Polyphenolics (Madera, CA). Acetic acid, acetonitrile, methanol, water (MallinckrodtBaker, Phillipsburg, NJ) and formic acid (Sigma-Aldrich, St. Louis, MO) used in HPLC
analysis were certified HPLC-MS and ACS grade and purchased from Sigma-Aldrich.
All phenolic standards were purchased from Sigma-Aldrich.

2.2.2

Preparation of Protein-Extract Solutions

Working protein solutions were prepared by hydrating whey protein isolate (WPI18% w/v for gels) or sodium caseinate (SCN; 5.0% w/v for foams and 0.50% w/v for
emulsions) in double distilled (dd) water. Protein-extract solutions containing green tea
extract (GTE), Teavigo® (TVG), or grape seed extract (GSE) were prepared by adding
each protein at their respective concentrations to an extracts dissolved in dd water at
concentrations of 0.01-1.0 mg/mL for foam and emulsion experiments and as high as 5
mg/ml for gelation experiments. All solutions were stirred for 60 s to facilitate even
mixing and allowed to hydrate for 24 h at 40C prior to further analysis. Sodium caseinate
solutions used in emulsion analysis were treated with 0.02% (w/v) sodium azide as an
antimicrobial treatment.
2.2.3

Total Polyphenol Determination

Total phenolics of each of the extracts were determined by Folin-Ciocalteau assay
as described by 141. Briefly, extracts were solubilized with double distilled water. An
aliquot (10 μl) of the sample, 0.79 ml double distilled water, and 50 μl of FolinCiocalteau reagent (Sigma, St. Louis, MO) were combined in a 2-ml centrifuge tube and
vortexed. Sodium carbonate was added (150 μl, 7.5% w/v aqueous solution) and held at
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room temperature for 2 h. Samples were transferred into a 96 well plate and the
absorbance read at 765 nm using a Spectra Max 190 (Molecular Devices, Sunnyvale,
CA) spectrophotometer. Total phenolics was calculated using an external standard of
gallic acid (0-0.75 g/l) prepared in 10% EtOH. Results were expressed as grams of gallic
acid equivalent per gram of extract (mg-GAE/g).

2.2.4

LC-MS Flavan-3-ol Profiling in Extracts

Individual flavan-3-ol profiles were determined by LC/MS of each extract. GTE,
TVG, and GSE each were each prepared in a water/formic acid (95/.2; v/v) solution at 0.5
mg/ml. Extract solutions were filtered through 0.45 μm PTFE filter prior to injection (10
μl) on to a Waters 2695 Separation Module (Waters, Milford, MA) equipped with a
Xbridge BEH Shield RP18 2.5µm, 2.1 x 100 mm column heated to 40°C. A gradient
with a flow rate of 0.25 mL/min with mobile phase A, 0.2% formic acid in MS grade
water, and mobile phase B, 0.1% formic acid in acetonitrile was used. Solvent
composition was 95%, 65%, 50%, 95%, 95% mobile phase A at 0, 15, 17, 18, 22 min
respectively. The capillary and cone voltage were set to 3000 and 40 volts respectively.
Desolvation temperature was set to 250°C while the source temperature was set to 150°C.
The electrospray ionization was set to negative mode with C, EC, EGC, ECG, EGCG,
dimers, and trimers detected at 289, 305, 441, 457, 577, 865 m/z. Individual flavan-3-ols
and proanthocyanidin compounds were quantified using calibration curves constructed
with authentic standards of flavan-3-ol monomers with Procyanidin dimers and trimers
being reported as equivalents of Procyanidin B2 (mg-PB2E/g).

2.2.5

Extraction of Flavan-3-ols from Matrix.

Flavan-3-ols within the starting materials were determined to understand the
potential loss of flavan-3-ols through preparation of protein systems. The extractions
performed were as described by Ferruzzi and Green with modifications142. For
emulsions, a 2 ml aliquot of starting material (SM) was defatted via hexane extraction.
Subsequently, 100 µl of a 2.7 mM L-ascorbic acid and 2.2 mM Na2-EDTA in water
solution and 6 ml of pepsin solution (45 mg/ml in 0.1 N HCl). The mixture was blanketed
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with nitrogen, capped and placed in a water bath at 37°C for 30 min at 120 opm. Flavan3-ols were further extracted from the digested solutions with 3 ml of ethyl acetate 3
times. Samples were vortexed for 3 min then centrifuged at 4255 x g at 4°C for 5 mins.
The ethyl acetate layer was collected, dried under nitrogen and resolubilized in 2 mL of
0.4% formic acid prior to injection on the LC-MS system.

2.2.6

Assessment of Protein-Polyphenol Binding and Interfacial Tension

Study of the binding interactions between the proteins and the extracts were
measured using fluorescence spectroscopy following a procedure outline by He et al.
with modifications143. Using a Perkin-Elmer LS55 Spectrophotometer (Woodbridge,
ON, Canada) fluorescence measurements were taken for each protein and its extract
complex. The fluorescence emission (λexc) spectra was recorded from 300 nm to 500 nm
with the excitation wavelength (λexc) set to 280 nm. The excitation and emission slit
width was maintained at 10 nm and the intensity recorded at 350 nm (Trp). Samples
were prepared fresh for each analysis by combining a working solution of the protein (1.0
mg/ml) and each extract (0.1 mg/ml) in Tris-HCl buffer solution (pH 6.5). The protein
concentration for each was held consistent among all measurements with the
concentration of extracts changing in accordance with the levels found to have the
greatest impact on functionality. The final ratios of protein to extract were WPI (0.010
mg/ml) 1:0, 18:1, 36:1, 72:1 and SCN (0.010 mg/ml) 1:0, 20:1, 10:1, 5:1, 2:1, 1:1, 1:2.
The exception is with solution prepared with GSE, in which the concentration of protein
were lowered (0.005 mg/ml) were lower due to its high fluorescence.
Changes in the surface pressure caused by individual flavan-3-ols were
determined using a KRÜSS DSA30b drop shape analyzer (Krüss, Hamburg, Germany)
using a method described by Murphy et al. with modifications 144. Dynamic interfacial
tension (IFT) was calculated through shape analysis of a drop of the aqueous complex
solution, suspended from a needle syringe measuring 1.826 mm in diameter using
pendant drop setup. IFT was measured for a period of 3600 s allowing samples to reach
an equilibrium. Standards representing the smallest and largest monomeric flavan-3-ols
EC and EGCG as well as a procyanidin dimer B2 (B2) were first combined with a fixed
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concentration (100 mg/L) of SCN solution. Protein/flavan-3-ol complexes were prepared
fresh for each replicate and allowed to react for 10 min before each measurement. The
surface pressure was calculated as follows,
Π = 𝛾𝛾 − 𝛾𝛾0

where Π equals surface pressure and 𝛾𝛾 is the interfacial tension at a given time, and 𝛾𝛾0 is

the initial surface pressure. Ratios of SCN: flavan-3-ol (1:0, 20:1, 10:1, 5:1, 2:1, 1:1, 1:2)
used for drop shape analysis offer a range of potential surface pressure effects caused by
incorporation of the monomeric and polymeric flavan-3-ols in which may be used in a
food matrix.
2.2.7

Small Amplitude Oscillatory Rheological Measurements.

Rheological experiments were performed on a Discovery Hybrid Rheometer (TA
Instruments, New Castle, DE) equipped with a peltier solvent trap cover to minimize
evaporation and a peltier plate for temperature regulation. A 1.25 ml sample of each WPI
(18% w/v) solution was placed at the center of the plate and measured within a 1mm
geometry gap. The flow properties and gelling characteristics were determined at a
constant strain of 0.5%, which was determined to be within the linear viscoelastic region
in preliminary experiments and a frequency of 1.0 Hz. Protein solutions were pipetted on
to the plate at 15°C and heated from 15°C to 75°C at a rate of 3°C/ min. Upon reaching
75°C, the temperature was held for 10 min, then reduced to 15°C at a rate of 3.0°C/min,
and held at 15°C for 10 min. The storage modulus (G’), loss modulus (G”), phase angle
(δ) were continuously measured throughout the procedure. All rheological measurements
were done in triplicate on different samples.
2.2.8

Foam Formation and Stability.

Foams were produced utilizing the 5% (w/v) SCN solutions and evaluated for
overrun and stability as described by Phillips et al with modifications 145. A volume of
150ml of SCN solution was placed into the mixing bowl of a KitchenAid Ultra Power
300-watt countertop mixer. Solutions were whipped at a speed of 8 for a total of 15 min
with samples taken at 5 min interval (n=3) for overrun measurements. At each interval,
foam samples were collected into polystyrene cups (100 ml capacity) and leveled, prior to
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recording weight of the foam and dish. Percent overrun was calculated using the
following equation:
% 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 = (𝑤𝑤𝑡𝑡 100 𝑚𝑚𝑚𝑚 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) −

𝑤𝑤𝑤𝑤 𝑜𝑜𝑜𝑜 100 𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
× 100
(𝑤𝑤𝑤𝑤 100 𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

Foam stability was measured upon termination of whipping by collecting foam into
polystyrene cups with precut bottoms on top of 50 ml graduated cylinders and allowing
drainage to flow. Stability of each sample was measured in triplicate and calculated based
on time needed for a given volume (10 mL) of foam to collapse.

2.2.9

Emulsion Formation and Characteristics.

Protein solutions of 0.5% SCN in dd water with 0.02% sodium azide
(antimicrobial) and 25% canola oil were coarse homogenized with a Polytron high shear
mixer at 11K rpm for 20s followed by high pressure homogenization at 5K psi using the
NanoDeBEE lab scale homogenizer (BEE International Inc.; South Easton, MA) to
produce an O/W emulsion. Coarse emulsions were passed through the homogenizer
twice and analyzed for particle size diameter (PSD) using a dynamic light scattering
(DLS) Malvern Zetasizer Nano (Malvern Instruments Ltd.; Worcestershire, UK).
Emulsions were diluted to a concentration of 0.04% (v/v) in dd water to avoid a multiscattering effect of the particles. The refractive index ratio used to calculate particle size
was 1.46. Particle size is reported as the intensity harmonic mean, which is indicated as zaverage mean size (Z-avg) of 10 readings made in triplicate. Zeta potential was
determined using the same instrument with further dilutions to 0.02% (v/v) with dd
water.
Creaming index was used to determine droplet aggregation propensity. Samples
were placed in polystyrene tubes and centrifuged using a Beckman-Coulter Optima L90K Ultracentrifuge at 18,000 x g for 7 min. The height of the emulsion before
centrifugation (He) and creamed layer (Hu) was measured with calipers, with the emulsion
stability (ES) determined based on the following equation, where:
𝐸𝐸𝐸𝐸 = 𝐻𝐻𝑢𝑢 ÷ 𝐻𝐻𝐻𝐻 × 100
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This index provides data based on the cream layer versus the serum layer because there
was no measureable difference between the serum layer and the middle (emulsion) layer.
Therefore, a decreased index value indicates a decrease in stability.

2.2.10 Data Analysis.
All rheological tests were performed in triplicates and analyzed using the TA
Instrument Software Trios®. Results are reported as mean of three independent
experiments ± standard deviation. Emulsions and foams were prepared in triplicate.
Individual WPI solutions were prepared for the analysis of foam formation (% overrun)
and stability (sec/ml), each replication represents a single solution. Statistical analysis for
main effects on gelation temperature, storage and loss modulus, overrun, foam stability,
particle size, zeta potential, and emulsions stability were accomplished by one-way
ANOVA and Dunnett’s post hoc test (α= 0.05) on JMP®10 (SAS Institute, Cary, NC).

2.3
2.3.1

Results and discussion

Flavan-3-ol profile of GSE, GTE, and TVG

Three extracts GSE, GTE and TVG were chosen with the expectation that they
would yield distinct flavan-3-ol profiles allowing for different effects on protein
functionality. Total phenolic content measured by FC method was 390.5, 859.09, and
937.4 mg GAE per g extract for GTE, TVG, and GSE respectively. The higher total
phenolics content of both GSE relative to GTE was expected as similar extracts have
been previously documented to have similar values146,147. GSE is typically a product with
additional refinement of the extract and therefore a higher proportion of phenolics148
relative to the GTE which more closely resembles powdered green tea that is less refined
to concentrate phenolics. Similar to previous reports, the monomeric C and EC as well as
six flavan-3-ol dimers and several trimers and larger oligomers and polymers were
detected in GSE 149. Dimers of C/EC were identified tentatively and quantified based on
response of Procyanidin B2 with a content of 48.5 mg/g. Trimers were estimated
represented 29.0 mg-PB2E/g. In contrast to GSE, GTE composition was principally,
monomeric flavan-3-ols including EGCG and ECG (170.3 mg/g and 54.2 mg/g) followed
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by EC and EGC at 10.6 mg/g and 14.2 mg/g respectively. TVG is composed primarily of
the monomeric flavan-3-ol EGCG with trace levels of ECG, with the previous being the
most prevalent flavan-3-ol 961 mg/g.

2.3.2

Protein Polyphenol Binding

The ability of flavan-3-ol rich plant extracts to quench fluorescence of both WPI
and SCN’s fluorophore, tryptophan, was assessed as a measure of interaction among the
proteins and compounds within the extract. A reduction of fluorescence is an indication
of interaction between the fluorophore and its quencher. The type of interaction may be
dynamic or static, resulting from collision of the fluorophore with the quencher and/or
formation of a complex of the two, respectively111. The quenching mechanism is
typically described by the Stern-Volmer equation:
𝐹𝐹𝑜𝑜
= 1 + 𝑘𝑘𝑞𝑞 𝜏𝜏𝑜𝑜 [𝑄𝑄] = 1 + 𝐾𝐾𝑆𝑆𝑆𝑆
𝐹𝐹

where 𝐹𝐹𝑜𝑜 is the initial fluorescence intensity, F is the intensity post quencher

addition, 𝑘𝑘𝑞𝑞 is the bimolecular quenching constant, 𝜏𝜏𝑜𝑜 is the average lifetime of the

fluorophore absent of the quencher, 𝐾𝐾𝑆𝑆𝑆𝑆 is the Stern-Volmer constant derived from the
linear regression of

𝐹𝐹𝑜𝑜
𝐹𝐹

vs [Q], the quencher concentration. A linear regression of the

Stern-Volmer plot may be an indication that only one of the quenching mechanisms
occurred (dynamic or static).
Figure 2.1 displays the raw fluorescence spectra and the Stern-Volmer plot for
SCN and WPI in response to the addition of each extract. All of the spectra shown have
been corrected for fluorescence presented by the quenchers (extracts) at equal
concentrations used in experiments. As shown, each of the extracts are able to quench the
fluorescence intensity of both SCN and WPI as the concentration of extract increased,
indicating the quenching effect is concentration dependent. The ability of individual
flavonoids to quench the Trp is consistent with those results previously published6,111,143.
TVG exhibited the largest fluorescence intensity quenching effects with near complete
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quenching (99.9%) in samples prepared as SCN: TVG 1:2. The greatest quenching effect
seen within GTE was 78.4% and 26.6% in GSE at their highest concentration. The SternVolmer plots for SCN in the presence of all extracts and WPI in the presence of GTE and
TVG were linear, indicating that only one interaction occurs150. The observed 𝐾𝐾𝑆𝑆𝑆𝑆 , which
is derived from the linear regression indicates the differing quenching effects among the
3 extracts with each respective protein.
Typically, the kq is used to determine if the interaction is dynamic or static. A kq
value lower than the diffusion-limited rate in an aqueous medium indicates a dynamic
quenching effect, while static quenching is indicated by a 2-fold increase.
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Figure 2.1

Raw Fluorescence Spectra and Corresponding Stern-Volmer Plots of SCN with the Addition of Plant Extracts.

Each spectra represents SCN (1st row) in the presents of increasing concentrations of GTE (1st column), TVG (2nd column), and GSE (3rd column)
displayed as emission wavelength (x-axis) vs. intensity (y-axis). Both WPI and SCN with the addition of GSE were prepared at reduced concentrations
to account for the increase in fluorescence of the GSE at higher concentrations.
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2.3.3

Dynamic Interfacial Tension Measurements

The ability of flavan-3-ols to interrupt the interfacial tension and contribute
independently to emulsion stabilization was explored. SCN is a known surfactant that
provides excellent stability to O/W emulsion by lowering the interfacial tension of the
water 151. The change in surface pressure of proteins has been characterized as having
three distinct periods, the induction period in which gradual change in surface pressure
occurs as the protein adsorbs, the second- displaying rapid changes in the surface
pressure, and finally a stabilization of the surface pressure152. Determination of surface
pressure with SCN:flavan-3-ol mixtures was considered to offer further insight on the
effects flavan-3-ol size, structure, and concentration may have on this attribute. Flavan3-ols alone had relatively no effect on the interfacial tension of water in the absence of
surface active molecules (Figure 2.X). This is consistent with other reports on flavan-3ols 153,154. When singular flavan-3-ol compounds, EC, EGCG, and PB2 were combined
with SCN, a variance in effects was noticed across each compound (Figure 2.2). SCN
solution that included EC, the lowest molecular weight compound tested but
characteristic of the monomer fraction of GSE, displayed lengthening of the induction
period, delaying the increase in surface pressure. This may have been due a combination
of effects, including competition with the protein to adsorb at the interface due to
interaction with the compound. Alternatively, binding of EC to SCN may have delayed
SCN adsorption at the interface, a hypothesis that remains to be assessed. It is
hypothesized that the eventual increase in surface pressure may have been a result of the
protein reaching and unfolding at the interface. Previous work utilizing β-casein and EC,
C, or gallic acid indicated no changes in the final pressure with minimal changes in
induction time154. The greatest of this impact of this was seen at a ratio of SCN:EC 5:1,
with less steep increases in surface pressure, above and below this point. The resulting
surface pressure of the solutions at all concentrations were higher than that of SCN.
SCN:EGCG solutions all had similar responses compared to EC (Figure 2.2B).
The general trend was seen to be a delay in the increase of surface pressure. However, at
higher concentrations, EGCG was able to prevent adsorption of SCN at the interface.
Incorporation of the EGCG at the higher concentration may have mitigated the ability of
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the SCN to reach the interface. At higher concentrations of EGCG (greater than the
protein) it has been shown that the polyphenol will begin to act as a bridge, having
multiple sites of interaction were the protein may have only one155. Following this
theory, EGCG may have been able to interact with all potential points, reducing its
mobility to the interface. Likewise, the interactions at the higher concentration of
SCN:TVG 1:2 (93% EGCG) in our fluorescence study showed a complete quenching
effect with SCN, further indicating this as a potential cause of the reduced surface
pressure. Furthermore, proteins such as SCN are able to increase the surface pressure
through its ability to change conformation, exposing its hydrophobic region at the
interface. Since it has also been shown that this is the same region that allows for
hydrophobic interactions with polyphenols 156, this may likely be the mechanism.
The eventual increase in surface pressure near the end of the experiment, however
may have been due to the oxidation of the EGCG over time. Specifically, as EGCG
becomes oxidized there is a C-C bond that forms on the B-ring resulting in a net loss of
two hydrogens, generating homodimers117. These larger oxidized compounds have been
shown to have lower antioxidant properties 157. Larger dimers, PB2, exhibited similar
trends as the EC at all levels of incorporation (Figure 2.2C). PB2 is larger than EGCG,
however structurally more compatible with EC, as it is an EC/EC dimer. This difference
along with studies indicating an increased affinity for those flavonoids that are
galloylated to interact with protein158 further explain the similarity in their surface
pressure.
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Figure 2.2 Effects of Select Flavan-3-ols on Surface Pressure of SCN Solutions
Graphs are an average (n=3) surface pressure for each flavan-3-ol with their
corresponding structure. Graph (A) represents SCN:Epicatechin, (B) represents
SCN:EGCG, and (C) represents SCN: Procyanidin B2.
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2.3.4

Effect of extracts on rheological properties of 18% WPI gel

Gelation of globular proteins can be described as a heat-induced protein
denaturation process resulting from two main steps. The first is a change in the matrix
resulting in an increase in intermolecular interactions, and the second involves the
aggregation of the protein molecules into a fixed network 159. A WPI concentration of
18% (v/v) was used in experiments, as this concentration yielded satisfactory level of
protein to form a heat induced gel as determined through preliminary testing. The
gelation time (sec) was determined to be the point (within the procedure step time) in
which storage and loss modulus intersect, continuing with a rapid increase in G’, and
phase angle equal to 45°. In Table 2.1, the control sample (18% WPI) had a mean
gelation time of 397.4 sec at the hold temperature of 75°C. These results are within range
of those previously reported in the literature 160. No general trends were observed in the
analysis of the gelation times among each treatment extract type as concentration
increased (0.01-5 mg/mL). Within the concentration range examined, flavan-3-ol rich
GSE and TVG extracts demonstrated modest but non-significant decreases in gelation
time 323.0 (0.01 mg/ml) and 326.0 sec (1 mg/ml) without further decreases at higher
concentrations of flavan-3-ols. However, inclusion of monomer rich GTE at 3 mg/ml
decreased gelation time significantly to 300.3 sec (p=0.026).
A decrease in the time to form a WPI gel in the presence of an extract containing
larger flavan-3-ol oligomers and polymers was expected, but, was not observed to reach
significant levels. This may be due to the documented ability of larger polymeric flavan3-ols to interact to a greater extent with protein and form aggregates 161. Flavan-3-ols of
a higher DP have been shown to have a higher affinity for globular proteins than that of
smaller flavan-3-ol structures. Isothermal titration of larger procyanidins (DP=7.4), with
α-lactalbumin suggests that this is due to their multidentate character allowing
simultaneous binding at several sites 162. In a study on the effects of monomer rich green
tea on whey protein concentrate gels, it was reported that at a pH of 6.0 there was a
reduction in the temperature at which gels were formed at concentrations of 0.5% and 1%
89

. At pH 6, with its higher concentration of GTE, oxidation of monomeric flavan-3-ols

is likely factor. As reported by Song et al., monomeric flavan-3-ols found in GTE (pH
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6.3) oxidized in the presence of heat, both mild (37°C) and harsh (62°C), forming larger
oxidized products163. These products would potentiality give rise to an increase in
protein/flavan-3-ol interactions. While our observations were not significant at most
concentrations, it is important to note that a trend toward decreasing gelation time was
also observed with GTE treatments at higher concentrations of 1 and 5 mg/ml.
Furthermore, the model applied in the present study was designed to limit gelling
temperature as a dependent variable and optimize the strength of the complex modulus
data, based on the matrix not the procedure model. Therefore, it may not have been
optimal to detect subtle effects brought on by monomeric flavan-3-ols in GTE and TVG.

Table 2.1

Effects of Extracts on the Gelation Characteristics of 18% WPI Gels

Data shown is expressed as the mean ± standard deviation. Significant differences include *p< 0.05,
**p<0.005, and ***p<0.0005 when compared to the control 18% WPI gel.
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Storage modulus (G’) represents the solid-like state while the loss modulus (G”)
represents the fluid-like state of the sample. The effects of the flavan-3-ol rich extracts
on G’ and G” of the 18% WPI gels were determined by comparing both parameters at the
conclusion of the time sweep to that of a control. In all cases, G’ of the samples was
found to be higher than that of the G”. This is indicative of a more solid or elastic
characteristic than liquid, and is common in protein gels. The most significant impacts
were observed at 1 mg/ml and higher in treatments prepared with monomer rich GTE, in
which case samples had a significantly (P<0.05) higher G’ than the control gels. These
results are similar in nature to that previously reported by von Staszewski, Jogus, and
Pilosof 89 and Wu, Clifford, and Howell 13, in which an increase in G’ was observed as
concentration of GTE was increased in various protein gel systems. Interestingly,
treatments with TVG, representing a highly purified EGCG fraction of green tea, and
GSE, rich in oligomers and polymers of flavan-3-ols, exhibited significantly higher G’ at
lower concentrations than that of monomer rich GTE. Proanthocyanidin-rich GSE had a
significantly (p= 0.031) higher G’ at 0.5 mg/ml and TVG had a significantly (p= 0.0021)
higher G’ at 1 mg/ml compared to control and GTE at similar concentrations.
Subsequently, a decrease in G’ was seen as the extract concentration increased.
These results can again be attributed to several factors including the differences
in flavan-3-ol composition between extracts. TVG by virtue of the EGCG structure and
GSE with its higher proportion of oligomeric and polymeric flavan-3-ols likely provide
an increase in potential interaction points (hydrogen binding) between the flavan-3-ol and
the proteins at lower concentrations (Figure 2.3). The concentration of both the protein
and polyphenol, as well as the ratio of the two has been reported to affect the binding and
eventual loss of solubility, manifested as protein haze155. Given the profile of both the
TVG and GSE, the decrease in G’ is likely due to a limitation of active protein binding
sites by these phenolics, therefore limiting protein-protein interactions, decreasing the G’.
At higher concentrations the likelihood of hydrophobic interactions occurring due to
increased presence of aromatic rings is increased 110,164. A peak change in storage
modulus was reached sooner, with GSE reaching its peak G’ at half the concentration of
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TVG. The subsequent decrease is likely due to the ability of these molecules to saturate
the binding sites of the protein.
Previously, binding studies utilizing isothermal titration calorimetry indicate that
as the protein becomes saturated at its points of interaction, the energy of interaction will
plateau and return to an equilibrium. This occurrence resulted when similar
concentrations of both galloylated and non-galloylated monomeric flavan-3-ols were
titrated with L-(poly) proline 161. Though the proteins utilized represent a differing
structure, hydrophobic interaction may still occur with hydrophobic residues of WPI as
the protein is denatured.

Figure 2.3

2.3.5

EGCG and Oligomeric Procyanidin Structure.

Effect of extracts on foam formation and stability of SCN

GSE, GTE, and TVG were individually formulated into 5% SCN solutions
between 0.01 and 1.0 mg/ml to determine the impact of flavan-3-ol rich ingredients on
foam formation, measured as overrun, and foam stability, a function of time (sec/mil
collapse). Percent (%) overrun of 5% SCN solutions was consistent with that previously
reported for similar SCN foams 165. Inclusion of flavan-3-ol rich ingredients resulted in
only modest changes in overrun relative to control over the given 15 min mixing period
(Table 2.2). These results agree in principle with previous work with GTE as reported by
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Wu, Clifford, and Howell 13 using egg albumin. Increasing concentrations of GTE, a
general trend of reaching an optimal effect prior to a decrease in overrun, as extract
concentration increased, was exhibited. While most effects in the present study did not
reach statistical significance, inclusion of EGCG rich TVG at concentrations of 0.1
mg/ml and 0.5 mg/ml did demonstrate a significant increase in overrun at each time
point, including the final 15 min with 1043.3% (p= 0.044) and 1031.5% (p= 0.038)
respectively. The effectiveness of TVG may be related to the properties of EGCG.
Factors including size of the flavan-3-ol, i.e. degree of polymerization, as well as number
of hydroxyl groups may be of great influence to these interactions 166. EGCG, being a
galloylated flavan-3-ol with increased -OH groups, would be more effective at driving
interactions that could facilitate foam formation, in that they extend the protein network,
allowing faster formation of the foams (Figure 2.2). Still, these results indicate that the
addition of flavan-3-ol rich extracts may not have a meaningful impact on the formation
of foams produced by SCN when used at levels that could practically be incorporated into
foods.
In regards to foam stability, measured at 15 min post whip cycle, collectively at
0.01 mg/ml concentration of extract, none of the treatments were significantly different
than the control (Figure 2.4). However, at higher but still practical levels of 0.5 mg/ml
and 1.0 mg/ml extract, both TVG and polymer rich GSE demonstrated a significant
(p<0.0001) increase in foam stability 907.22 and 1005.7 sec/mL or 132.9%, and 158.3%
and 1040.8 and 1050.5 sec/mL or 167.3% and 169.8% improvement respectively.
Inclusion of monomer rich GTE at all concentrations tested had no significant impact on
foam stability. Similarly, Wu et al reported that various types of GTE when applied with
egg albumin had modest impacts to foam stability 92. The lack of a direct impact from
monomer rich GTE on foam stability may be due to the combination of monomeric
flavan-3-ol profile compared to that of polymer rich GSE and distribution of galloylated
(EGCG, ECG) to non-galloylated (C, EC and EGC) compared to TVG which is primarily
EGCG. In contrast to GTE, TVG (essentially a fractionated GTE) displayed significant
increases in stability over all concentrations with the exception of 0.01 mg/ml level, with
the most significant (p<0.0001) increase in stability at 0.5 mg/ml and 1.0 mg/ml.
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Table 2.2

Effects of Extracts at Different Concentrations on SCN Foams

Significant differences are denoted as **p< 0.005 and *p< 0.05 when compared to the control 5%SCN
foams.

It is hypothesized that because flavan-3-ols have characteristics favorable for both
hydrophilic and hydrophobic interactions, these compounds are able to extend the protein
network by being active at the interface. The fact that TVG is primarily composed of
EGCG may provide increased bridging interactions compared to that of the crude
monomer rich GTE (45.4 % EGCG). For example, flavan-3-ols may hydrogen bond with
water and the protein to increase the thickness of the adsorbed layer of the foam film,
consequently increasing the stability of the foam as the extract concentration increases
167

. Smaller flavan-3-ol molecules and non-galloylated compounds such as C, EC, and

EGC that collectively make up a majority of the GTE assessed in this study have been
reported to have lower protein binding potential than that of the larger galloylated EGCG.
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Specifically, C showed little change in enthalpy when added to globular and proline-rich
proteins, while EGCG was reported to reach a maximum energy shift before plateauing at
higher concentrations 161,162. Therefore, in a crude system such as GTE, limited benefits
to stability are potentially offered via increased aggregation of the proteins by flavan-3ols to form bridges. By comparison a more refined system such as TVG, it may have
improved effectiveness due to the increase in % galloylated flavan-3-ols and by extension
due to its multiple binding sites. Potential stacking of these smaller flavan-3-ols could
also block protein-air interface at the hydrophobic sites of the protein inhibiting the
stabilizing effect168.

Figure 2.4
Stability of 5% SCN Foams in the Presence of Extracts at a Range
of Concentrations. Statistical differences are as compared to the control 5% SCN foam. *p< 0.05, **p<
0.0005, and ***p< 0.0001. Error bars indicate ± s.d. of the means.

When comparing the ability of the two extracts to quench the fluorescence of SCN at
varying concentration, EGCG rich TVG was shown to have a higher % quenching effect
compared to the more crude GTE at all like concentrations. This gives indication of the
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decreased interaction, among smaller GTE flavan-3-ols compared to that of its
galloylated counterpart. The GTE used in this system, as previously stated, contains
45.42% EGCG therefore smaller non-galloylated compounds like EGC make up over half
the composition, potentially limiting the extended interactions.
Similar to the current findings, Wu et. al also note GTE with a higher
concentration of EGCG improved foam stability 92. Limited studies are available that
utilize pure EGCG in protein functionality testing. As such mechanism of its effects are
only subjectively characterized. In the current study the fluorescence intensity and
analysis of surface pressure as it relates to single flavonoids was conducted to offer
further insight into the mechanism of these effects. The results offered minimal
conclusions on mechanism, however brought additional points of interest for further
follow up. The studies indicated an interaction occurs with the hydrophobic residues of
Trp as the extracts are added and a delay in adsorption of SCN to act the interface in most
cases with the exception of higher ratios of EGCG. This suggests that the binding may
allow for complex formation, but they do not alter adsorption, which could be an
indication that of an alternative mechanism of stability of the foams with TVG and GSE.
Therefore, the previous suggestion of an extended network formed through the
interaction of the extracts (bridging) with the protein is plausible.
A similar study reported no significant impact on foam overrun in foams made
with purified β-lactoglobulin and GTE with faster liquid drainage and the persistence of
foam height as a dry foam169. This may have been a result of foams generated from a
purified protein model or conformational changes in the protein that were not assessed in
the current study. A previous study on the conformational changes of β-LG when
complexed with various tea polyphenols reported an increase in the β-sheets and αhelices with a decrease in the random coils. This contributed to greater stabilization of
the protein, which may also have been a factor in the stabilization shown in the foams
produced using flavan-3-ol rich extracts 87.
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2.3.6

Effects of GTE and GSE on emulsification properties of 0.5% SCN in O/W
emulsions

Homogenization of the SCN o/w emulsion was used to generate a test emulsion
for screening potential effects of flavan-3-ol rich extracts on stability. Preliminary studies
utilizing a high shear blender provided only mildly stable emulsions with increased
particle size and polydispersity (data not shown). These provided inconclusive results on
the effects of the extracts. Mean particle size (Z-avg measured as d.nm) was performed
on treatments throughout a 30 day period, however due to the increased rate of creaming
and initial size of particles, particle size distribution (PSD) resulted in decreasing values
over time. Therefore, only initial PSD data is shown in (Table 2.3). The control
emulsion of 0.5% SCN had a Z-avg of 549.68 d.nm, consistent with previous data
reported by Hu, McClements, and Decker 170 of a 0.5% SCN stabilized corn oil emulsion
with a diameter of 0.49 μm. All flavan-3-ol treatments were found to have a significant
impact on the Z-avg when compared to the control emulsion, with an increase in Z-avg as
concentration of flavan-3-ol extracts increased. As such, the most significant (p< 0.0001)
increase in Z-avg of each flavan-3-ol rich extract was seen at higher concentration of 0.5
mg/ml and 1.0 mg/ml concentrations of each extract as well as 0.05 mg/ml and 0.1mg/ml
in samples prepared with GTE and TVG. Similarly an increase in PSD was previously
reported in solutions with β-LG and green tea extract when compared to a control β-LG
and caseinomacropeptide, indicating the formation of larger complexes 171. It is proposed
that the uniformity of TVG’s incremental increase in Z-avg is due to the purity of the
extract (95% EGCG).
Zeta potential is another indirect measurement of the colloidal stability.
Generally, the magnitude of the zeta potential value (mV) is an indication of the potential
stability of the suspension. Particles that are largely negative or positive values will have
the tendency to repel flocculation. The zeta potential of each treatment was determined
24 hrs after homogenization. Values ranged from -69.25 to -30.60 mV (Table 2.2).
Most all samples formulated with flavan-3-ols from specific extracts were significantly
different compared to control. With the exception of both TVG and GTE systems at 1.0
mg/ml and 0.01 mg/ml; likewise, the zeta potential was largely negative. Treatments
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with polymer rich GSE at 0.01 mg/ml and 0.05 mg/ml were significantly (p< 0.0001)
lower than the control, while all others were significantly higher (p< 0.0129 or better).
TVG treated emulsions at 0.05 mg/ml and below displayed a significantly (p< 0.0001)
lower zeta potential than the control, while only GTE at 0.1 mg/ml showed a significantly
(p<0.01) lower zeta potential than the control. The measurement of zeta potential did not
give direct indication of the colloidal stability of the emulsions formed considering in
most cases the degree of difference compared to the control is never greater than 15 mV.
Moreover, the zeta potential of the treatments in the present study were not indicative of
the stability observed during accelerated stability testing. Although not indicative of
stability, the range of zeta potential displayed were consistent with other published
literature in which protein-polyphenol mixed systems were analyzed in colloidal stability
89

.
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Table 2.3

Effects of Extracts on Emulsion Properties of SCN Stabilized O/W

Emulsions

Values are expressed as mean ± s.d. Letters indicate statistical difference (p< 0.05 or better) when
compared to the control 0.5% SCN stabilized O/W emulsions.

An accelerated emulsion stability test provides insight into potential issues with
colloidal system stability. While no significant differences in stability were seen among
the treatments when compared to the control, a trend of decreasing emulsion stability was
observed as concentration increased for all extracts (Figure 2.5). In comparing emulsion
stability among each extract, at concentrations at and above 0.5 mg/ml, a decreasing trend
was observed. However, samples showed a dramatic difference in the opaqueness of the
serum layer indicating that at higher concentrations the extracts may be initiating or
facilitating denaturation of the protein to the point where solubility is impacted and
emulsification properties of protein and phenolic are both lost. The increased Z-avg as
concentration increased noted in the PSD determination, along with decreased emulsion
stability are consistent with the rules of Stokes law. The increase in particle size
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decreases the surface area of the oil droplets, which supported the coalescence of the oil
droplets in the presence of larger, higher concentrations of monomeric or polymeric
flavan-3-ols.
In emulsions, flavan-3-ols may modify the stability by interacting with the
emulsifying agent, in this case, SCN, or by its association with the lipid layer specifically.
Di Mattia, Sacchetti, and Pittia 172 demonstrated that catechin may partition as much as
42% in the aqueous phase and the remaining 58% resulted in interaction with the
surfactant Tween 20 and interaction with the dispersed phase. Interaction with either
SCN or the interface of the dispersed phase may occur due to the
hydrophobic/hydrophilic nature of the flavan-3-ol. It is likely that the association with
SCN is due to hydrogen bonding of the hydroxyl groups of the flavan-3-ols with the
protein. Furthermore, the interaction with the interface may occur through the ability of
flavan-3-ols to compete with SCN for placement at the hydrophilic/hydrophobic
interface. In the case of the GSE, GTE, and TVG at higher concentrations, this becomes
detrimental to the stability of the droplets and increases the rate of creaming.
It should also be noted that while very little research has been published
confirming the effects of these differing flavan-3-ol rich extract profiles as emulsifying
agents, Luo et al. has reported that a trend exists among pure flavonoids, their partition
coefficients, and emulsification activity. Those flavonoids with coefficient values -0.6 <
log10P < 0 are either active or not as emulsifiers, however those removed have no activity
173

. Specific flavonoids that have no activity include, but are not limited to catechin (0.32,

0.53), epicatechin (0.13, 0.6), and EGCG (0.39, 0.26) 173-175. Therefore, the modest
effects observed in this study in extracts and food systems may be simply related to the
activity predicted by individual compounds that make up the complex but well defined
extracts.
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Figure 2.5

Results of Creaming Test for Emulsions Stabilized with 0.5% SCN +
Extracts

2.4

Conclusions

Functionality studies with both whey protein isolate and sodium caseinate based
ingredients suggest that proteins and flavan-3-ol may interact in ways that have direct
impact on formation and strength and quality of gels, emulsions and foams within ranges
commonly added to foods. The greatest impact on protein functionality was demonstrated
with the use of the extracts in emulsion formation and stability. The degree of association
is potentially affiliated with the concentration of the extract and its flavan-3-ol profile,
with high concentrations of larger molecule and highly galloylated flavan-3-ol extracts
having the greatest impact on functionality. Protein-polyphenol ratio plays a role in the
effects these extracts have on the gelation characteristics. Overall while these data
suggest that flavan-3-ol rich extracts can be applied in protein based systems, both
positive and negative impacts on protein functionality, and by extension, product quality
are likely. As such, application of these ingredients in combination requires a measure of
consideration in the application. However, complexation of the selected proteins with the
flavan-3-ols as well as the processing may further impact the delivery of these flavan-3ols in biological systems. These outcomes will be discussed further in Chapter 4.

63

CHAPTER 3. EFFECTS OF FLAVAN-3-OLS ON PHYSICAL PROPERTIES OF
CARBOHYDRATES IN MODEL FOOD SYSTEMS

3.1

Introduction

Carbohydrates make up as much as 50% of the energy intake in the US and
approximately 54% in developing countries176. After maize and rice, wheat is the third
most widely consumed cereal grain, presenting itself mostly in the form of processed
foods 177. Starch based ingredients are very commonly used in foods as thickener/gelling
agents and stabilizers. Similarly, carrageenan is an anionic polysaccharide that extracted
from red marine algae characterized by its multidentate, sulfated, structure that allows it
to form thermoreversible gels178. The structure of κ-carrageenan specifically consists of
linear chains of (1-3) linked β-D- galactose and (1-4) linked α-D-galactose units (Figure
3.1). It is known for its ability to gel products at near neutral pH, thicken beverages
through binding water and oils, and stabilize crystals of frozen desserts179. Carrageenan
is often combined with starch in select foods to act as a fat mimetic, giving non-dairy
frozen dessert the desired mouthfeel179.

Figure 3.1

Chemical Structure of κ-carrageenan
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With a growing interest placed on “natural” and “clean” labeling, native wheat
starch and carrageenan are both excellent substitutions of semi-synthetic texturants.
However, a challenge exists in reformulation of products in alignment with clean label
strategies. With such changes, modulation of their activities is possible but may prove
detrimental to the end product quality parameters. In addition to these clean labeling
needs, a greater emphasis has also been placed on nutritional quality of processed foods,
including both nutrients and bioactive phytochemicals. It is therefore not surprising that
plant based ingredients, including phenolic extracts, are becoming more broadly used. In
particular, polyphenol or flavonoid rich extracts including tea, cocoa, grape seed are
widely used in functional products.
Within the flavonoid class, flavan-3-ols are widely found naturally in foods and
are perhaps the most commonly consumed group among Westernized diets16,29. They are
present in products of tea, cocoa, select fruits and their seeds29 that are leveraged as
extracts in foods. While these flavonoids are well known to impart astringency,
bitterness, sourness, and to some extent color 12, additional functional effects are likely.
In particular, flavan-3-ols are well known to interact with macromolecules including
protein and carbohydrates through non-covalent hydrophobic interactions and hydrogen
bonding. When combined in food products it is likely that these compounds alter the
physical properties of processed foods. However, the extent of these effects are not well
characterized at levels that are feasible within consumer food products. Expanding on
insights gained through protein interactions, information on interaction effects between
flavonoids and carbohydrates is needed to improve translation of these extracts into
quality products.
The current study considered the impact of select flavan-3-ol plant extracts (GTE
and GSE) on the physical properties of carbohydrate matrices utilizing wheat starch and
κ-carrageenan based foods as model systems. The plant extracts that were evaluated
represent potential sources of flavan-3-ols that contain either high levels of monomeric
(GTE) or polymeric (GSE) forms of these compounds. This allowed for the
characterization of their effects on commonly used carbohydrates in processed foods and
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represent near maximum levels that are practical, in terms of sensorial properties, and
potential health benefits.
3.2

Methods & Materials
3.2.1

Materials

Wheat starch (WS) Midsol 50 from MGP Ingredients, Inc (Atchinson, KS). κcarrageenan (kCGN) (Formula Name) was provided by FMC BioPolymer (Philadelphia,
PA). Green tea extract (GTE) was provided as a gift by Nestlé Product Technology
Center (Marysville, OH) and Meganatural Gold grape seed extract (GSE) was purchased
from Polyphenolics (Madera, CA). Acetonitrile, water (Mallinckrodt-Baker,
Phillipsburg, NJ) and formic acid (Sigma-Aldrich, St. Louis, MO) used in HPLC analysis
were certified HPLC-MS and ACS grade and purchased from Sigma-Aldrich. Phenolic
standards were purchased from Sigma-Aldrich.

3.2.2

Starch Pasting & Flow Properties

The effects of the flavan-3-ol rich plant extracts on the physical properties of WS
pastes were determined by measuring changes in the rheological characteristics. A
pasting study was initially conducted for the WS to determine changes in the pasting
properties using a AR-G2 (TA Instruments, New Castle, DE) controlled stress rheometer
equipped with a starch pasting cell and spindle designed to minimize water loss during
the cook cycle. WS (8% w/v) was added to 25 ml of dd water (control) or a 1 mg/ml and
5 mg/ml plant extract solution and placed in the canister of the pasting cell. The
instrument was set to condition the sample at 50℃ with a preshear of 25 rad/s for 10s to
all for suspension of the starch particles before a continuous angular velocity of 16.76
rad/s was used for the duration of the experiment. The temperature was then held at 50℃
for 60 s before a temperature ramp to 95℃ at 6℃/ min was performed. Upon reaching
95℃ the temperature was held for 300 s and a final temperature ramp to 50℃ was done.
Finally, the temperature was held at 50℃ for 60 s. The time, temperature, and viscosity
was measured for the duration of the experiment. The starch pasting was characterized by
the following parameters: peak viscosity, peak viscosity temperature/time, holding
viscosity, breakdown, final viscosity, and setback.
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Following the pasting of the starch, additional rheological experiments were
performed on a Discovery Hybrid Rheometer (DHR-3) (TA Instruments, New Castle,
DE) equipped with a peltier solvent trap cover to minimize evaporation and a peltier plate
for temperature regulation. A 1.5 ml sample of each WS solution was placed at the
center of the plate and measured within a 1 mm geometry gap. The flow properties were
determined using a 40 mm parallel plate geometry at a constant strain of 0.5%, which
was determined to be within the linear viscoelastic region in preliminary experiments and
a frequency sweep 0.1 to 10 Hz. WS solutions were pipetted on to the plate at 25°C. The
storage modulus (G’), loss modulus (G”) were continuously measured throughout the
procedure. All rheological measurements were done in triplicate on different samples
and reported as Pa.

3.2.3

Rheological Properties of κ-Carrageenan Gels

Potassium chloride (0.125 mol/L) was first added to dd water under heated
stirring conditions (80°C), followed by addition of individual extracts and κCGN (1%
w/v). Dynamic viscoelastic properties were measured on the DHR-3 (TA Instruments,
New Castle, DE). Measurements were taken using a 40 mm diameter parallel plate
geometry with 100 grit sandpaper on the parallel plate. The solvent trap was utilized to
prevent evaporation of water from the samples while peltier plate was preconditioned to
80°C. Solutions were loaded on to the plate with a geometry gap set to 1 mm and
allowed to condition to 80°C for 600 s. The sample was then conditioned to 25°C for
300 s with a frequency sweep conducted between 0.01 to 10.0 Hz with a 0.5% strain.
using the same previous listed parameters. All rheological measurements were done in
triplicate on different samples with storage modulus (G’) and loss modulus (G”) recorded
throughout the experiment.

3.2.4 Data Analysis
All experiments were performed in triplicate and prepared fresh daily for analysis.
Rheological measurements were analyzed using TA Instrument software, Trios® (New
Castle, DE). An analysis of variance (ANOVA) was conducted for flavan-3-ol
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concentrations and pasting parameters. Significant differences were calculated using the
Tukey method for differences (α= 0.05) with JMP® 12 (SAS Institute, Cary, NC)
software.

3.3
3.3.1

Results & Discussion

Effects of Plant Extracts on Wheat Starch Pasting

Traditionally, analysis of the pasting properties of starch has been done utilizing
the Rapid Visco Analyzer, which reports the pasting properties of starch in RVA units
(RVU). In this study, a controlled stress rheometer (AR-G2) equipped with a pasting cell
was used, with data reported as Pa.s. Similar to the RVA, a pasting curve may be
obtained by manipulating the temperature and angular velocity of the spindle producing
data that is highly reproducible 180. The pasting curve provides important information on
the behavior of the starch. As the starch is heated to a temperature at or above its
gelatinization temperature, the starch granules begin to swell and take up water,
ultimately reaching a peak viscosity. When the solution is continually heated at a given
temperature, a holding viscosity or holding strength is obtained. This is the viscosity at
the end of the heating period. The starch paste is then cooled and a final viscosity
measurement is recorded. Additional characteristics that are determined include the
breakdown and setback. The breakdown represents the difference in viscosity between
the peak viscosity and holding strength; while setback represents the degree of
retrogradation and is determined as the difference in final viscosity and the holding
strength.
The pasting trends of the wheat starch with GTE and GSE (Figure 3.2) against the
control indicate an impact of their addition at each concentration tested. During the
heating and holding cycle, an increase in peak viscosity is achieved with the addition of
both the GTE and GSE at concentrations of 1.0 mg/ml (GTE 1 and GSE 1) and 5 mg/ml
(GTE 5 and GSE 5) (Table 3.1). A viscosity of 0.692 Pa.s was achieved in the control
sample which was significantly lower (p< 0.01) than pastes with added plant extracts.
Though no significant differences among or between the GTE and GSE, GSE 5 displayed
a greater increase in viscosity (0.884 Pa.s). The lowest peak viscosity was found in the
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GTE 5 (0.820 Pa.s). In considering the onset of peak viscosity of the current study, both
the time and temperature exhibited a dose-dependent decrease, i.e. in order of
concentration and level of polyphenol content (GSE 5 < GTE 5 < GSE 1 < GTE 1 <
Control). Each of the extracts displayed a significantly different time and temperature of
the peak viscosity, with the control being the highest. GSE 5 exhibited the greatest
reduction of temperature and time, from 95.0°C and 523.4 sec in the control to 91.9°C
and 490.8 sec, respectively, a decrease of 3°C and 32.6 sec. This indicates faster swelling
of the starch granule and leaching of amylose181. The holding viscosity of the samples
indicated no significant difference among and between the extracts, again as with the
peak viscosity, a significant difference from the control (p<0.005). The control holding
viscosity reached 0.344 Pa.s and the highest extract holding viscosity was 0.466 Pa.s
found in the samples prepared with GSE 5.
The increases in peak viscosity and decreases in peak temperature and time upon
the addition of plant extracts are consistent with other studies that report the effects of
GTE on these properties of starch pastes92,182. While Wu et al looked at changes in the
gelatinization of rice starch, consistencies are present in the ability of the polyphenols to
impact the peak viscosity onset temperature. Concentrations of 6%, 10%, 14%, and 20%
tea extract resulted in a consistent decrease in the peak temperature of rice starch
gelatinization, with a total decrease of 6.5°C as concentration of the extract increased 92.
Likewise, Zhu et al, demonstrated a modest increase in the peak viscosity upon the
addition of green tea extract (13.60 g/100 g total polyphenol concentration) from 230 to
238 RVU182. Contradictory to the results seen in the previous studies, Li et al showed an
inverse relationship in the peak viscosity with the addition of green tea powder when
incorporated into wheat flour, a dose-dependent decrease was seen in the samples183.
These differing effects may be due differences in green tea and/or starch type and
structure as well as concentrations used. It is interesting to note that the concentrations
used in the present study were far lower than those of previously discusses investigations.
This suggest that these effects may be possible even at lower levels of phenolic present in
consumer foods.
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Figure 3.2
Effects of Plant Extracts on Wheat Starch Pasting Curve Trend
The number that follow extract name represent concentration of extract, 1- 1.0 mg/ml and
5- 5.0 mg/ml.
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Flavonoids are also known for their abilities to interact non-covalently
carbohydrates which may a be potential mechanism for their ability to modulate onset of
peak viscosity at a decreased time/temperature184. Few studies actually investigate the
potential mechanisms of the early onset of peak viscosity in the presences of flavonoids
though it has been hypothesized that compounds with increased hydroxyl groups cause
close packing of the starch granules185 and inhibitory effects of hydration186, similar to
that of sucrose181.
During the cooling period a final viscosity is reached and the level of setback can
be determined. These attributes give further understanding of the retrogradation
properties (reorganization of starch granules) of the starch paste. A lower degree of
setback is indicative of a reduction in the retrogradation capacity of the starch.
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Table 3.1 Characteristics of Wheat Starch Pastes with Plant Extracts

Data in the table is expressed as the mean ± s.d. GTE is green tea extract and GSE is grape seed extract. The number that follow
represent concentration of extract, 1- 1.0 mg/ml and 5- 5.0 mg/ml. Columns with different letters indicate a significant difference
as compared to the control (p< 0.05 or better).
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Both the setback region (difference in final viscosity and peak viscosity) and total setback
exhibited trends similar to that of the changes seen in the onset of the peak viscosity, that
being a dose-dependent response (Table 3.1). There was no significant difference (p=
0.1001) seen between GTE 1 and the control, however all other treatments showed a
significant decrease in the setback region, with the greatest decrease seen at GSE 5 at
12.27% (p< 0.0001). This dose-dependent decrease in the retrogradation is in accordance
with previous studies that indicate the ability to tea flavonoids have similar effects in rice
starch92. Wu et al. determined that not only was retrogradation decreased, but it was
delayed over time as the tea polyphenol increased to 20% of the rice starch formula92.
However, when comparing the total setback these significant differences were negligible
compared to the control. Significant differences were seen among GTE concentrations
(p=0.0122), GSE concentrations (p=0.0297) and between extracts GTE 1 and GSE 5
(p=0.0035).
Retrogradation is considered to have a negative effect on the quality of starch
based processed foods so additives are often studied for their inhibition abilities.
Flavonoids, as previously mentioned have been shown to have these inhibitory effects but
little consideration has been given to their action. There is potential for the flavonoids to
interact with the starch molecules preventing or blocking further reordering of the
structure upon cooling. According to Wu et al, in a study using H NMR and FTIR, they
determined via H NMR that the incorporation of tea polyphenols prior to gelatinization as
opposed to after gelatinization resulted in an increase in the coupling constants from 1 to
2, indicating a difference in the H-H interactions. They go on to describe that in the
sample gelatinized in the presence of the tea polyphenols, the smaller coupling constant
may be due to a transfer of electrons from the –OH bond as a result of the hydrogen
bonding. This interaction is an indication of a potentially stronger affiliation of the
polyphenols due to heating versus addition afterwards 184. Though intriguing, additional
studies are warranted across an array of starches to indicate potential mechanisms of
interactions.
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Figure 3.3
Frequency Dependence of G’ (filled) and G” (open) of Wheat Starch
Pastes made with GTE (A) and GSE (B) at 1 mg/ml extracts (∎) and 5 mg/ml (∆)
Compared to a Control Wheat Starch Paste (×).
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3.3.3

Effects Plant Extracts on Mechanical Spectra of Wheat Starch

After the starch pastes were prepared, dynamic oscillatory measurements were
done for each of the samples (Figure 3.3). This category of analysis allows for the
determination of sensitive changes in the flow properties in response to chemical changes
in the product. The frequency sweep is most commonly used in determining the linear
viscoelastic range of a material, as well as indicating changes in the storage and loss
modulus of the material under the application of stress187. In analysis of the wheat starch
pastes formed, the storage modulus (G’) was found in all samples to be higher than that
of the loss modulus (G”) over the entire frequency range, but begin to approach each
other at the higher frequencies. Likewise, the data shows that there is a frequency
dependent behavior (slope > 0.05) of G’ and G” with both modulus increasing as the
frequency increased in all of the pastes, indicating a viscoelastic behavior. In samples
prepared with GTE and GSE, the storage and loss modulus was consistently higher at 1
mg/ml concentrations compared to the control, while those prepared with 5 mg/ml of
extract were slightly lower. In general, the wheat starch formulated with the plant
extracts followed similar trends in response to frequency changes, therefore addition of
extracts at the tested levels did not have a detrimental impact on the flow properties of the
wheat starch pastes.

3.3.4

Effects of Plant Extracts on κ-Carrageenan Mechanical Spectra

The dynamic frequency sweep was conducted within the linear viscoelastic region
of the 1% κ-CGN gels (Figure 3.4). It was determined that G’ was significantly higher
than G” and constant in all samples across the frequency ranged utilized. The consistent,
higher G’, and tan <0.01 are all indicators of gel formation. In comparing the G’ of each
of the individual samples it appears that control is significantly higher than all of the
samples treated GTE and GSE. In the samples treated with GTE the frequency sweep
showed similar consistent trends across the spectrum, however at an overall lower G’,
this indicates an effect on the solid-like properties of the gel formed in the presence of
GTE.
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Figure 3.4
Frequency Dependence of G’ (filled) and G” (open) of k-carrageenan gels
made with GTE (A) and GSE (B) at 1 mg/ml extracts (∎) and 5 mg/ml (∆) Compared to
a Control k-carrageenan gel(•).
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The effects tend towards a concentration dependent interaction, as the storage modulus
decreased when concentration of GTE increased. Similarly, the GSE exhibited a
decrease in the gel strength when formulated with the extract however the effect as
concentration increased was not significant and exhibited an inverse reaction compared to
the GTE. The results shown here are in agreement with previous studies of 1% κ-CGN
gels, in which the G’ and G” are consistent throughout the sweep, with G’ being larger
than G” across the frequency spectrum188. The addition of the plant extracts resulted in a
decrease in the G’, indicating potential interaction that may have decreased the κ-CGN
network. Though currently no studies are available on the effects of plant extracts on κCGN gel, the effects of other molecules have been determined. For example, Nishinari
and Watase determined that the incorporation of polyols decreased the elastic modulus
(G’) of the κ-CGN gels when added at excessive concentrations 189. The shift in G’ was
attributed to relative distance between junction zones and the polyols. At a lower
concentration these junction zones became shorter so at the higher concentration the
junction zones may be increased, decreasing the G’189. Furthermore, concentrations or
amount of hydroxylation is seen as a factor in the effects on the polysaccharide’s
rheological properties. Structurally, polyols may be made comparison to polyphenols in
that both have a relatively higher degree of hydroxylation that occurs in the side chain
position on the molecules. The presence of the hydroxyl groups, in the previously
described study, are an attributing factor in the cross-linking points in the κ-CGN gels, as
may be the case with the plant extracts utilized in this study. The degree of
hydroxylation as well as the concentration of the polyphenols are an ever important factor
in determining the effect of physical characteristics of these gels.
In factoring the ability of κ-CGN to interact with the flavan-3-ols in a more
significant manor than the wheat starch, there must be consideration of the structural
characteristics of these compounds. As an anionic polysaccharide, polyphenols have a
greater affinity for these molecules. Anionic polysaccharides have been shown to
decrease the formation of insoluble complexes with proteins as they are able to more
effectively cross-link the flavan-3-ol within its matrix; this effect was not seen in
carbohydrates with a neutral charge, presumably due to low solubility and hydrogen
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bonds that exist to stabilize the molecules190. Therefore, the wheat starch interactions
may only be a surface as a result of hydrogen bonding of the hydroxyl groups, whereas
the κ-CGN effect may be due to encapsulation within the formation of its double helix in
the gelation process190.

3.4

Conclusion

GTE and GSE when incorporated into wheat starch pastes at lower levels feasible
in food systems, resulted in minimal changes to the rheological properties of the matrix.
Therefore, their incorporation into processed foods, from a physical standpoint, does not
warrant concern in matrices leveraging these phenolics at reasonable concentrations.
However when included in a κ-carrageenan gel system the gelling abilities of the
texturants may be altered to a certain extent. Previous studies have viewed the effects of
these extracts on gelatinization, but at levels much higher than those that may be
incorporated without having a significant impact on quality parameters of the product. In
this study it was shown that at levels of 1 mg/ml and 5 mg/ml, there may be a provided
benefit of lowering the time of gelatinization onset however the effects on final viscosity
and flow properties are negligible. The effects of these extracts on κ-carrageenan based
gels however decreased the gel strength, additional studies are necessary to access the
total impact of plant extracts on the characteristics of the polysaccharide gels.
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CHAPTER 4. FLAVAN-3-OL BIOACCESSIBILITY FROM MODEL FOOD
MATRICES

4.1

Introduction

Flavonoids are phytochemicals with potential human health impact. While often
associated with anti-cancer effects, flavonoid benefits appear to extend beyond chemopreventative activities to broader inflammatory mediated diseases and include effects that
are linked to obesity and diabetes including inhibition of starch digestion and glucose
absorption 191 192. A recent study on the enzyme inhibitory properties of 30 commonly
consumed fruits indicated that lingonberry offered inhibition of pancreatic lipase IC50
0.72 mg/ml, while α-glucosidase was inhibited by blue honeysuckle IC50 39.91 mg/ml,
and red gooseberry inhibited α-amylase IC50 1.04 activities193. The growing evidence
base related to flavonoid biological activities has already translated into inclusion of these
compounds in both dietary supplements and novel functional food products. This is
particularly true for flavan-3-ols with established supplements based on apple, grape seed
and green tea. While promising for consumer, it remains unclear the extent to which
benefits from these new products are actually delivered.
One of the most important factors concerning delivery of functional benefits from
such plant based phenolics is consideration of their bioavailability from the diet.
Disintegration of the food matrix and release of phenolics through normal digestion is an
integral step in this process often referred to as bioaccessibility. The terms
bioaccessibility and bioavailability are related terms that refer to the ultimate availability
of a specific nutrient through the course of digestion and intestinal absorption.
Specifically, bioaccessibility refers to the proportion of a nutrient or phytochemical that
is released from a food matrix and available for subsequent uptake via the small intestine.
Bioavailability is a broader term that defines the fraction of a nutrient or phytochemical
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that is ultimately absorbed and made available to target tissue within the body 84. Overall
bioaccessibility is a pre-requisite to bioavailability and may be impacted by several
factors that begin prior to the digestive process, including both food matrix and
processing194. Consideration of factors that may influence bioaccessibility is therefore
critical in defining food matrix effects on phytochemical absorption. This is particularly
important for flavonoid-protein interactions which may alter both protein digestion 7,195
and by extension release/bioaccessibility of flavonoids6, 196.
As mentioned before, while whole foods including fruits, vegetables, cocoa and
tea products are rich source of flavan-3-ols in the diet, new processed foods are
increasing being seen as vehicles for the delivery of these compounds. However, the
translation of flavonoids into processed foods is not without challenges including the
effect of the flavonoids on the food matrix itself and by extension, delivery of efficacy of
flavan-3-ols themselves. As described in the previous chapters, the ability of
macronutrients to interact with flavonoids, and flavan-3-ols in particular, through noncovalent interactions can impact several quality attributes of food products. These often
non-specific hydrophobic interactions and hydrogen bonds help govern the stability of
flavonoids 163, the protein 89 and the overall food matrix (as described in Chapter 2 and
3).
In more recent years, research has begun to determine the effects of these
compounds on the physical properties in processed food matrices. However,
consideration for the matrix effect on bioaccessibility of the compound due to interaction
and processing is also critical to determine how a complex system may alter delivery and
potential efficacy of the ultimate food product. The occurrence of these interactions not
only affect physical and chemical properties of the macronutrient but may also modulate
the bioaccessibility of both the macronutrient and the flavonoid. An example of this can
be seen in the case of green tea. On one hand, a cup of green tea consumed by itself, may
deliver as much as 200 mg of flavan-3-ols however in terms of what is bioaccessible
<20% of that is recovered following simulated digestion 197. On the other hand, when coformulated with milk proteins (dairy, soy, and rice) the bioaccessibility was observed to
increase to 52-69% of the oral dose 197. Such modifications in the delivery of flavan-3-
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ols offer insight into how food matrix may be leveraged to positively impact
bioaccessibility. While Green et al, focused on beverages, additional insight is needed in
consideration of levels that are achievable in a more complex food matrix with minimal
effects on product quality, i.e texture, flavor, and color attributes and still provide a
nutritional benefit to the end consumer.
A number of clinical studies have also examined the role of food matrix on
bioaccessibility of these compounds in relation to their health effects as well. It has been
seen in vivo that the incorporation of dairy and soy protein sources may negatively impact
bioavailability of galloylated flavan-3-ols from green tea 198. In a randomized fourarmed, diet-controlled cross-over design with 1-week intervals between treatments,
participants consumed like amounts of the various proteins in conjunction with 1.75 g of
green tea extract in 300 g of solution. Results suggest that in the presence of any
proteins, relative bioavailability is reduced for the galloylated flavan-3-ols. Specifically,
bioavailability of EGCG was reduced by 68%, 63%, 76% and for ECG was reduced by
68%, 66%, and 77% when formulated with milk, caseinate, and soy proteins,
respectively198. This further suggest that protein effects may be specific to galloylated
flavan-3-ols and that food matrix, concentrations, and interaction effects must be
determined in order to leverage beneficial effects from flavan-3-ols.
While in the previous chapters, our focus was to investigate the impact of flavan3-ol rich plant extracts on functionality and physical properties of protein and
carbohydrate food matrices, the implications on physiological delivery of phenolics
remain unknown from these matrices. In the present study we investigated the
bioaccessibility of flavan-3-ols from green tea extract (GTE) and grape seed extract
(GSE) in model protein and carbohydrate food systems using an in vitro digestion model
that simulates oral, gastric and small intestinal phases of digestion. These experiments
begin to develop insights into how food matrix interactions may alter in the initial stages
of flavan-3-ol absorption in the GI tract.
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4.2
4.2.1

Methods & Materials

Solutions, Solvents, Standards, and Starting Materials

Green tea extract was a gift from Nestlé Product Technology Center (Marysville,
OH), Meganatural Gold grape seed extract (GSE) was purchased from Polyphenolics
(Madera, CA), and 92% pure EGCG (Teavigo®-TVG) was donated graciously by DSM
Nutritional. For the protein matrices, whey protein isolate (BiPro®, 95% protein) used in
gels, was generously provided by Davisco Foods International (Eden Prairie, MN),
sodium caseinate (FB100, 90% protein), used in emulsions and foams, was provided by
Farbest Brands Inc. (Montvale, NJ). For carbohydrate matrices, wheat starch (WS)
Midsol 50 was gifted by MGP Ingredients, Inc (Atchinson, KS) and κ-carrageenan
(kCGN) was provided by FMC BioPolymer (Philadelphia, PA). Enzymes and salts used
including porcine α-amylase, pepsin, pancreatin, lipase, and bile were acquired from
Sigma-Aldrich (St. Louis, MO). Acetic acid, acetonitrile, methanol, water (MallinckrodtBaker, Phillipsburg, NJ) and formic acid used in HPLC analysis were certified HPLC-MS
and ACS grade and purchased from Sigma-Aldrich.

4.2.2

In vitro Digestion

A three phase (oral, gastric, and intestinal) in vitro digestion model was used to
assess the bioaccessibility of flavan-3-ols from the different matrices. This model was
previously described by Moser et al6 and modified through preliminary experiments to
best digest model food products used in these studies. Starting materials were prepared
according to the methods described previously in Chapters 2 and 3. Both protein and
carbohydrate matrices were utilized for this study (Table 4.1).
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Table 4.1

Protein and Carbohydrate Systems for in vitro Digestion

All starting materials were formulated with individual extracts of green tea (GTE), grape
seed (GSE), or Teavigo (92% EGCG) (TVG) at 1 mg/ml of the total volume of the
solution. Starting materials that were prepared into gels were sheared into smaller
portions with a cheese grater to reduce particle size (1/8”) prior to digestion. Foams were
prepared using the KitchenAid mixer then quick frozen at -20°C and cut into pieces
before being added to the digestion vessel.
The oral phase base was prepared by combining potassium chloride, sodium
phosphate, sodium sulfate, sodium chloride, and sodium bicarbonate into 1 L dd water,
and stored at 4°C. The oral phase solution was prepared daily by adding urea (40 mg),
uric acid (3 mg), mucin (5 mg), and α-amylase (1.56 g) into 100 ml of oral base. A small
aliquot (20 g) of each starting material (SM) was then added to a 50 ml conical tube,
followed by 6 ml of the oral phase solution. Tubes were then vortexed, blanketed with
nitrogen, sealed with parafilm, and incubated in a shaking water bath at 37℃ for 10 min
(120 opm). Samples were placed on ice upon removal from the water bath and diluted
with 30 ml of a 0.9% NaCl solution. The gastric phase was initiated by adjusting the pH
of the samples to 3.0± 0.1 with a 1.0 M HCl solution prior to the addition of 2 ml porcine
pepsin solution (30 mg/ml in 0.1 M HCl). Samples volumes were brought up to 40 ml
with saline solution, blanketed with nitrogen, sealed with parafilm, and then incubated in
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a shaking water bath at 37℃ for 60 min (120 opm). Again, samples were removed from
the water bath and placed on ice to initiate the mall intestinal phase. The pH was first
adjusted to 5.0 ± 0.1 with 1.0 M NaHCO3 solution followed by the addition of small
intestinal enzymes and digestive juice. A 2 ml aliquot of porcine pancreatin (30 mg/ml)
and lipase (15 mg/ml) in 0.1 M NaHCO3 and a 3 ml aliquot of bile (120 mg/ml) in 0.1 M
NaHCO3 was added to each digestion tube. A final pH adjustment to 6.5 ± 0.1 with 1.0
M NaHCO3 solution was completed followed by a volume adjustment to 50 ml with
saline solution. The samples were then blanketed with nitrogen, sealed with parafilm,
and incubated in a shaking water bath at 37℃ for 120 min (120 opm). Digested materials
were then centrifuged at 10,000 x g for 60 min at 4°C to recover the aqueous
“bioaccessible” fraction, filtered with 0.22 µm filters to remove microparticulated
materials and aliquots were frozen until analysis for flavan-3-ol content (previously
described in Chapter 2).
4.2.3

Data Analysis

In vitro digestions were repeated in triplicate, with starting materials prepared
fresh daily. Bioaccessibility refers to the percent of each individual flavan-3-ol remaining
in the aqueous fraction compared to that of the original plant extract material added to the
starting material. Losses through preparation were not considered in bioaccessibility
calculations at this time due to interferences in sample extraction and analysis. A oneway ANOVA was completed using JMP12 (SAS Institute, Cary, NC) with significant
differences and comparisons with a control evaluated using Dunnett’s method for
differences. Bioaccessibility data is represented as means ± standard deviations.

4.3
4.3.1

Results and Discussion

Bioaccessibility of Flavan-3-ols from Protein Based Systems

The impact of model protein rich food matrices on bioaccessibility of flavan-3-ols
from plant extracts was assessed. As previously discussed in Chapter 1, both protein
type and concentration may have an effect on the interaction capacity of the flavan-3-ol
with the protein, as such, the results are primarily discussed in relation to the control.
Each system may be compared in terms of overall trends within the matrix, i.e. emulsion,
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gel, or foam. However due to the varying protein concentration necessary to provide
function (Table 4.1), significant differences were not assessed statistically between food
matrices.
Protein foods were formulated with SCN, WPI and gelatin allowing for a broad
representation of different protein structures i.e. relatively open, globular, and random
structures, respectively. In samples prepared with SCN (aqueous 5% SCN, 5% Foam,
and 0.5% Emulsions), bioaccessibility followed a similar trend among all of the flavan-3ols, suggesting that SCN concentration used to achieve proper function in foams and
emulsions may not be a limiting factor on flavan-3-ol bioaccessibility. Specifically, in the
aqueous GTE bioaccessibility ranged from 61.3% to 63.84% for EGCG, 68.2% to 98.3%
for ECG, 61.5% to 89.9% for EGC, and 27.5% to 30.4% for EC within all SCN matrices
(aq. solution, foam, and emulsions).
In the presence of SCN in its aqueous state, as a foam or an emulsion, there were
significant increases in bioaccessibility of EGC (61.5% to 89.9% p= .00139 or better) and
ECG (68.2% to 98.3% p=.0009 or better) (Figure 4.1A). These results conflict with those
presented by Moser et al, which reported a significant decrease in bioaccessibility with
the addition of SCN6. However, in the present study different protein/polyphenol ratios
(5:1 and 50:1) and processing techniques such as homogenization and whipping were
employed which may have altered the digestive stability of the compounds. Previously,
Song et al. did report that protein binding can stabilize flavan-3-ol at higher protein to
polyphenol ratios 163.
Interestingly, EGC (3.4% to 12.9% p=0.0040 or better) and EGCG (12.3 to
16.8%% p<0.0001) from GTE in WPI matrices were significantly less bioaccessible than
the control. In the presence of gelatin in a gel form, the bioaccessibility of EC (6.6%)
and EGCG (21.8%) was significantly (p<0.0001) lower than the control (49.5%) and
(80.1%) respectively, where ECG was significantly (p<0.0001) improved from 21.2% to
80.7%. The significant decrease in bioaccessibility in gelatin matrices may be attributed
to interaction effects of the flavan-3-ols in the presence of gelatin that limited the release
through normal digestion. Lui et al determined that EGCG’s presence in gelatin gels
formed hydrogen bonds with the molecule, however the interactions between adjacent
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gelatin molecules was strengthened via N-H bonds forcing compaction of the gelatin
molecules{Liu:2014tm}. This aligns with Jöbstl’s theory that cross-linking of prolinerich proteins may be forced by interactions with the polyphenols12. The occurrence of
cross-linking may potentiate the formation of insoluble complexes among these
molecules and therefore may result in further loss of flavan-3-ols, which may be a
potential mechanism in the case of bioaccessibility among the gelatin gels.
Comparing samples of aqueous 5% SCN and its subsequent foam, the flavan-3ols follow along similar trends of bioaccessibility, with the mechanically prepared foam
having a slightly higher bioaccessibility of EC (27.81% compared to 30.4%), EGC
(69.0% compared to 89.6%), ECG (68.2% compared to 71.8%), and EGCG (61.3%
compared to 63.8%) respectively. Likewise, 18% WPI gel showed a similar nonsignificant trend to increase bioaccessibility compared to the unprocessed liquid sample.
Bioaccessibility from WPI L as it compares to WPI G was as follows, EC (49.8%
compared to 51.8%), EGC (3.4% compared to 12.9%), ECG (31.2% compared to 40%),
and EGCG (12.3% compared to 16.8%) respectively. This suggests that compared to the
aqueous solutions, protein denaturation may play a subtle role in enhancing
bioaccessibility of GTE flavan-3-ols within the protein based food matrix.
Stability through processing of test samples remains to be defined completely.
EGC and EGCG are unstable at pH conditions >5.5 and high temperatures
{Zhu:1997cg}. It is therefore possible that a potential decrease in absolute
bioaccessibility post processing was observed through loss of flavan-3-ols. The degree of
difference between the samples formulated with SCN, compared to those of WPI and
gelatin suggest that protein type being a more significant factor in bioaccessibility as
well. Gels formed with both WPI and gelatin exhibited a significant decrease in
bioaccessibility. However, a similar decrease was observed in the unprocessed WPI
sample as well, further indicating that WPI may form more or stronger insoluble
complexes through the digestive process that serve to limit digestive release of flavan-3ols.
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In order to better understand how these effects play out in a more refined sample,
studies were conducted with TVG, a derivative of green tea extract that is highly purified.
Like the EGCG present in the more crude GTE, a similar impact to the bioaccessibility of
EGCG was observed in regards to SCN (Figure 4.1B). The SCN aqueous, foam, and
emulsions (22.7% to 27.5%) had a higher bioaccessibility than those in the gel matrix of
WPI (8.3% to 15%) or gelatin (7.0%). However, in the Control samples (15.0%), EGCG
bioaccessibility was significantly lower than SCN L 27.46% (p<0.0001), Foam 27.5%
(p<0.0001), and Emulsions 22.7% (p<0.0001). The mechanical processing into foam
appeared to produce only minimal effects to the relative bioaccessibility of EGCG
compared to the aqueous solution. Likewise, homogenization of the emulsion also had
only minimal effect on bioaccessibility of EGCG from TVG. Considering these
observations, other considerations may be given to the concentration of protein and its
ability to provide stability with higher concentrations of EGCG.
Gel matrices made with either WPI 8.3% (p=0.001) or gelatin 7.0% (p<0.0001)
had a significantly lower bioaccessibility compared to the Control 15.0%. Formation of
gels occurred as a result of heating therefore the reduction in bioaccessibility seen
between the WPI L 15.0% and its gel 8.3% may have been due to a combination of
factors including the instability of EGCG through processing or perhaps the increased
interactions between the flavonoids and proteins through this heating step. As seen in the
GTE samples, TVG prepared in SCN matrices had higher bioaccessibility (22.7% to
27.5%) than WPI (8.3% to 15.0%) matrices. This overall reduction is seen in both
unprocessed and processed WPI samples, giving indication that WPI may be an inhibitor
of bioaccessibility or likewise there is a greater ability EGCG to interact with digestive
proteins inhibiting their further breakdown and subsequent digestion. EGCG is known
for its ability to bind with proteins, having a higher binding affinity than other flavan-3ols, so it is likely that some insoluble complexes may have been formed in the process.
This decrease in bioaccessibility is consistent with similar studies utilizing non-fat dry
milk (NFDM) at varying concentrations. Though no significant differences in
bioaccessibility of the galloylated GTE flavan-3-ols were seen across the concentrations
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of NDFM (10%, 20%, and 40%) however bioaccessibility was reduced (16.1%) to levels
similar to the present study (GTE- WPI L 12.3% and TVG-WPI L 14.96%) 6.
To determine the impact to larger oligomeric and polymeric flavan-3-ols known
to more effectively bind protein, studies were conducted flavan-3-ol rich grape seed
extract. Within the samples made with GSE, the flavan-3-ols that were quantified for
relative bioaccessibility included CAT, EC, ECG, and Procyanidin B (Total Dimers). For
protein samples (Figure 4.1C), ECG is not shown (see appendix), co-elution of protein
residues in WPI samples with resulted in inaccurate reporting of bioaccessibility of the
compound. Relative bioaccessibility of the total dimers indicated that a 0.5% SCN
stabilized emulsion significantly (p<0.0001) increased the bioaccessibility from 55.1% in
the control to 76.1%. However, in further processed WPI and gelatin matrices, total
dimer bioaccessibility was significantly decreased to 35.2% (p< 0.0001) in WPI L, 40.3%
(p= 0.0001) in WPI G, and 26.9% (p<0.0001) in gelatin. A significant (p < 0.0001)
descending trend of bioaccessibility was seen in EC in the order of WPI L (21%) > WPI
G (11.4%) > Gelatin (2.7%) compared to the 49.4% in the Control. EC was lower,
though not significantly (p= 0.3928) compared to the control in GSE formulated in SCN
Emulsions (41.5%). Similar trends were also found for CAT. Emulsions had a higher
CAT bioaccessibility that other matrices, however, this not significantly different from
the control. Both WPI and Gelatin matrices had a negative impact on CAT
bioaccessibility with significantly (p< 0.0001) lower levels found compared to the
control. Bioaccessibility from Gelatin matrices was determined to be 28.0%, while
gelation of WPI decreased bioaccessibility slightly from 18.6% in WPI L to 17.33% in
WPI G.
Overall among all of the flavan-3-ol and protein matrices, the trends indicate that
SCN in minimally processed matrices may have beneficial and/or minimal detrimental
impact on bioaccessibility. The greatest impact being an increase in bioaccessibility of
the dimers and galloylated compounds, EGCG and ECG that are typically reported to
have the lowest bioavailability in vivo 5,107,199. Conversely, WPI (liquid and gels) and
Gelatin may have a detrimental impact on the bioaccessibility of the larger and
galloylated flavan-3-ols from these extracts across product formats tested (liquid and gel).
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The results seen here are consistent with many of the other studies on bioaccessibility of
tea and grape seed flavan-3-ols. Though the trends varied, these matrices generally
significantly lowered the bioaccessibility compared to the control. However, these results
are inconsistent as to whether or not thermal processing of these matrices plays a role in
the bioaccessibility.
WPI and gelatin represent different orders of structure, globular and random
coiled, respectively. Therefore, the similarities in their effects are notable. WPI exhibits
a similar structure to that of digestive enzymes in which flavan-3-ols are known to
provide an inhibitory effect through binding interactions 200,201. Binding interactions with
the WPI may prevent degradation of the flavonoid and protein through the gastric phase
potentially leaving the complex intact after gastric and intestinal digestion. Stojadinovic
et al describes the interaction of β-lactoglobulin with green tea flavonoids at pH 7.2 as
having a greater binding capacity than that of lower pH, which was also highly correlated
with a decrease in the antioxidant activity of the flavonoids potential due to protein
masking83. Though the concentrations of flavan-3-ols were not quantified post-digestion
in that study, the reduction in antioxidant capacity and subsequent reduction in βlactoglobulin digestion may coincide with degradation or formation of insoluble
complexes.
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Figure 4.1 Relative Bioaccessibility of Flavan-3-ols from Plant Extracts in Protein-Based
Matrices. GTE-Crude Green Tea Extract (A), TVG- Green Tea Extract (92% EGCG) (B), and GSECrude Grape Seed Extract (C). Bars represent mean ± s.d. (n=3) . EC= epicatechin, ECG=
epigallocatechin, ECG=epicatechin gallate, EGCG= epigallocatechin gallate.
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4.3.2

Bioaccessibility of Flavan-3-ols from Carbohydrate Based Systems

In a manner similar to the investigation of protein matrices, carbohydrate
interactions were also assessed. This is particularly important considering the notable
positive impacts of digestible carbohydrate sources (starch and sugar) on flavan-3-ol
bioavailability in vivo 117. To better understand this effect, the current investigation
leveraged a digestible (wheat starch) and indigestible (k-carrageenan) in gel formulations.
Both WS pastes and kCGN gels were made in the presence of each of the flavan-3-ol
extracts (Figure 4.2). Across both WS and kCGN, ECG in GTE was statistically the
same as the control. However, EC bioaccessibility was significantly (p<0.0001)
increased in WS pastes compared to the control (49.4%) by 227% to 162%. Serra et al.
reported similar increases when procyanidin rich grape seed extract was digested in the
presence of a carbohydrate rich food, significantly increasing the levels of catechin and
epicatechin after the gastric step of the digestion process5.
In contrast, kCGN gels were found to significantly (p<0.0001) reduce
bioaccessibility of EGC relative to the control, 93.3% to 39.3% respectively. EGCG in
both GTE and TVG treated WS pastes had a higher bioaccessibility compared to kCGN
gels suggesting a difference in binding or in release through digestion of WS. Similar to
proteins, the larger molecules of kCGN may have been able to encapsulate and bind
EGCG limiting their accessibility following digestion. The likeliness of this occurrence
is due in part to the ability of kCGN to escape the digestive process within the oral,
gastric, and small intestinal phases. As such digestion may not effectively break
established interactions formed through preparation of the kCGN samples.
TVG in WS pastes had a significant (p= 0.0004) increase in bioaccessibility of
EGCG to 22.02% compared to the control 15.04%. Though not significant, a similar
(p=0.08) effect was observed with kCGN gels that decreased bioaccessibility of EGCG to
11.38%. This decrease is in agreement with the previously noted changes seen in the
EGCG from GTE as well as protein systems. A likely result of instability of the
galloylated compounds to the environment117,163.
In GSE samples kCGN was able to decrease bioaccessibility across all of the
flavan-3-ols, however only significantly (p= 0.0002 and p< 0.0001) in CAT 56.01% and
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Total Dimers 31.78% compared to the control 79.52% and 55.08% respectively.
Modulation of flavan-3-ol bioaccessibility formulated with WS showed no significant
effects on the non-galloylated compounds however a significant increase (p<0.0001) in
bioaccessibility was seen in ECG 46.41% and decrease (p= 0.0269) in total dimers
31.78% compared to the control. Wheat starch is complex system being both a stable and
unstable mix in dilute solutions and of a hydrophobic nature 202. The nature of wheat
starch lends itself to interactions with the galloylated compounds for potential
stabilization. The galloyl moiety may allow for hydrophobic interaction that allow for
stabilization within the wheat starch paste, increasing its bioaccessibility.
Overall the presence of kCGN had a slightly negative impact on the relative
bioaccessibility of the larger flavan-3-ols and galloylated compounds. With the exception
of EGCG from TVG and EC from GTE, WS displayed similar effects on bioaccessibility.
The digestion of carbohydrates begins in the oral phase upon the interaction with αamylase, so it is plausible that a matrix comprised of wheat starch would have minimal
effects on the flavan-3-ols from any of the plant extracts. Therefore, digestion of the
carbohydrates may have potentially left the flavan-3-ols susceptible to the conditions of
the gastrointestinal tract including elevated pH and initiation of auto-oxidative processes
detrimental to flavan-3-ol stability 117. So any enhancement of bioaccessibility must be
balanced with the susceptibility to digestion.
Besides not being digestible in the upper GI, kCGN’s structure allows for its
flexibility which may favor encapsulating effects on flavan-3-ols. Once entrapped, the
indigestibility would potentially serve to physically limit the flavan-3-ol intestinal
bioaccessibility 203. These compounds may pass bound to the fiber into the large intestine
where they may potentially be released through the action of specific microbial
communities 204. As the lower intestine was not modeled in this study the potential to
quantify the true effects of this carbohydrate remains to be further explored.
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Figure 4.2 Theoretical Bioaccessibility of Flavan-3-ols from Plant Extracts in
Carbohydrate-Based Matrices. GTE-Crude Green Tea Extract (A), TVG- Green Tea Extract
(92% EGCG) (B), and GSE-Crude Grape Seed Extract (C). Bars represent mean ± s.d. (n=3) . EC=
epicatechin, ECG= epigallocatechin, ECG=epicatechin gallate, EGCG= epigallocatechin gallate.
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4.4

Conclusions

From these studies it may be concluded that at the levels tested within protein and
carbohydrate food systems, only modest impacts were observed on the bioaccessibility of
flavan-3-ols from select plant extracts. The extent of the effects are based on estimated
starting levels of flavan-3-ols and thus includes but does not separate potential losses
through processing of the matrix. Therefore, additional experiments are required to
further identify the extent to which interactions in foods alter the stability of flavan-3-ols
and their bioaccessibility in vivo. In any case, the greatest impact was observed for
galloylated flavan-3-ols EGCG and ECG which are known to have the strongest
interactions with proteins and carbohydrate as well as lowest bioavailability in vivo.
However, as these compounds are often indicated as having the most beneficial health
benefits, strategies are required to better understand factors that may limit their
absorption from foods.

94

CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1

Introduction

The research discussed in this dissertation presented the effects of select flavan-3ol rich plant extracts on the functionality of specific protein and carbohydrate ingredients
utilized in development of functional foods. As a secondary objective the impact of these
interactions on flavan-3-ol bioaccessibility from model food systems was examined in
order to determine if there were any specific systems that may be more appropriate to
leverage these functional ingredients in. While previous investigation had documented
the impact of flavonoids and plant extracts more broadly may impact various functional
properties macronutrients, many of these studies relied on flavonoid levels far beyond
that which may be practically be added into finished products due to cost and impacts to
sensorial properties (color and flavor specifically). The focus of this research was to
deliver on matrix interaction at practical levels (at or below 5 mg/ml) which would in
essence represent levels more typical in single servings of fruits, vegetables as well as
common tea products. These concentrations are also at levels that may be added to
processed food without hindrance of the quality of the products. Levels beyond or at 5
mg/ml have been shown to have various effects on the sensory and textural89,92,183,
however the extent of benefit at modest concentrations has been minimally studied.
In this study, models of protein and carbohydrate systems were used as they
encompass the physical properties of most processed foods consumed. For that purpose,
protein gels, emulsions, foams and carbohydrate pastes and gels were utilized to
determine the effects of these extracts and their flavan-3-ols on bioaccessibility, physical,
and chemical properties. Dairy proteins such as whey protein and sodium caseinate are
widely used to increase protein content of foods for a wider audience, while gelatin
exhibits the profile of proline-rich proteins, which are known to have interactions with
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the flavan-3-ols. Likewise, wheat starch k-carrageenan are found in many products,
specifically k-carrageenan is used in many of the same products that incorporate the
above mentioned proteins. For these reasons, model systems that incorporate these
ingredients deserve greater attention as to the effects of addition of such functional
ingredients.
In Chapter 2 the focus was on the role flavan-3-ol rich plant extracts on
modulating protein functionality as an emulsifier, foaming agent, and gel formation. In
addition, some assessment of potential mechanisms behind these impacts was explored.
It was determined that addition of these flavan-3-ol extracts had direct impacts to
functionality but these effects were largely specific to individual systems and protein
source. Both positive and negative effects were found in the protein systems and all dose
dependent according to the concentration of the extract and size of the flavan-3-ols
present. In agreement with previous reports, it was confirmed that flavan-3-ol interaction
with hydrophobic residues of the protein and the resulting instability/conformational
changes in protein structure are likely responsible for many of the effects observed in
these studies.
In Chapter 3 the ability of flavan-3-ol extracts to modify the physical properties
of carbohydrate pastes and gels was explored. These interactions, though thought to be
governed by similar forces as proteins, were interestingly not as pronounced. Flavan-3-ol
ingredients, in the dose ranges assessed (1 mg/ml and 5 mg/ml) were not as effective in
modulating final pastes physical properties of wheat starch for example. However, the
effects of addition of these plant extracts even at the low level may affect the
gelatinization temperature and retrogradation properties, with structure playing a big role
in the effects. For example, the order of effect in most cases followed along with
increased procyanidin content and concentration. These effects were found to be
significantly affected indicating that while final properties may not be impacted, the
processing of starches may be impacted by presence of flavan-3-ols. This hold great
importance to the potential processing conditions of functional foods, as the products
quality may potentially be effected if over processed due to these changes. In terms of
the effects on gelation of κ-carrageenan significant changes were exhibited in gel strength
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however these changes did not alter the flow properties of the gel. This allows the
product to function under similar means as prior to addition of the plant extracts.
Likewise, processing flow rates and viscosities are likely to be unaffected upon the
addition of these extracts.
Finally, in Chapter 4, these matrices were subjected to a 3-stage in vitro
digestion to determine how the matrices impacted bioaccessibility of the flavan-3-ols
from the plant extracts. At the concentrations utilized in this study (1mg/ml),
bioaccessibility was significant impacted by the presence of proteins and carbohydrates
in model systems. Specifically, these effects were more pronounced for flavan-3-ol
dimers (from GSE) and galloylated compounds (in tea) in most matrices. Whey protein
isolate and gelatin exhibited the most significant impact on the bioaccessibility of these
flavan-3-ols, indicating that a higher degree of affinity for these compounds with proline
rich proteins and globular proteins as well may be the cause. These effects have already
been seen with the affinity of flavonoid compounds to interact with enzymes (also
globular) and salivary proteins (proline rich)11,110,205. Therefore, if health benefits are of
particular interest when formulation is considered with these materials, the ability to
deliver these compounds may be affected and thus direct assessments of these effects in
vivo are warranted.
While others have reported on similar effects of protein and carbohydrates on
flavan-3-ol bioavailability, the benefit of the current investigation is the ability to
demonstrate significant differences in effects between specific model food matrices.
These data provide a general baseline on the effects of flavan-3-ol extracts on model food
matrices including gels, foams and emulsions that ultimately encompass most food
products. Though these studies answered many questions of the effects, greater
understanding of the interactions and processing of such products is warranted.
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5.2

Future Direction for Flavn-3-ol and Macronutrient Functionality

The results of the physical and chemical effects of the plant extracts on protein
and carbohydrate functionality found in Chapter 2 and 3 provided unconvincing data as
to the true effects of these extracts on model systems. Though similar results were
achieved in other studies 13,89, of protein matrices, the contradictory results in systems of
similar nature i.e sodium caseinate stabilized emulsions and sodium caseinate foams,
warrant further analysis. Both emulsions and foams are governed by the principles of
hydrophobic interactions, in that the proteins must be oriented to interact with the nonaqueous phase. In an emulsion this refers to the oil interaction and in the foam, that is the
protein’s interaction with the gas, so it is plausible that similar effects of stabilization or
destabilization would be seen in these systems. However, this study rendered differing
results. Consequently, additional understanding is necessary to address the mechanism of
each of these effects. Competitive binding studies may be a potential resource deplored
to determine if competition at the interface is a deciding factor in the stability of the
system. Likewise, additional analysis of conformational changes in the protein structure
could confirm the orientation of the protein and may offer insight into these changes.
Similarly, these techniques could be applied to allow greater understanding of the effect
of the extracts in the carbohydrate systems. Wheat starch pasting temperatures and
processing times were decreased likely due to self-aggregation of the starch molecules
but confirmation of this is necessary. Additional analysis of the surface wettability of the
starch with the aqueous extract solution could also determine if this was a potential
mechanism for the early onset gelatinization times and temperatures. Though the effects
of addition were only modest in the modulation of physical properties at the level
incorporated, they provide great understanding of the consequence of their interaction
with these macromolecules. Also, because k-carrageenan is often used in dairy systems,
it would be interesting to understand if known principles of
protein/carbohydrate/polyphenol ternary complexes has a role in interactions of the 3
molecules in a processed sample.
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5.3

Future Directions for Flavan-3-ol and Macronutrient on Flavan-3-ol
Bioaccessibility

In these studies, the bioaccessibility was determined using relative values as it
relates to the plant extract itself. Unfortunately, this does not provide a holistic
understanding of the true bioaccessibility of the flavan-3-ols from each of the plant
extracts after processing. Determination of the relative bioaccessibility, as it relates to
processing, would give a greater knowledge of the true effects of each matrix. However,
whey protein isolate, gelatin, and κ-carrageenan matrices posed difficulty in extracting
the flavan-3-ols from the matrix. Further development of an extraction process is
warranted to allow for greater extraction from these solid-like matrices. In determining
the difficulty of the extraction of these compounds from such matrices, supplementary
studies on the changes of the proteins tertiary structure may offer insight on this
phenomenon.
There were three types of protein utilized in the bioaccessibility study however
the levels necessary to provide the various functions limited the ability to cross-wise
compare their effects on bioaccessibility. Studies on different protein levels and extract
concentrations could then suggest with better discretion the effects each protein may have
on bioaccessibility. It would also be interesting to determine if there may be a competing
interaction effect of individual flavan-3-ols on bioaccessibility. Results from the green
tea extract and Teavigo produced conflicting bioaccessibility trends for EGCG,
therefore it is reasonable that this may be true. Competition in binding of the individual
flavan-3-ols may alter the bioaccessibility of the compounds in a mixed system such as
green tea extract.
Digestions were optimized based on the control protein samples (exclusive of
extracts). Upon completion of the digestion process it was observed that there was
greater undigested material in these samples compared to control with no extracts. This
is an indication that there may have been insoluble complexes formed limiting their
digestibility or interaction with the digestive enzymes that limited further digestion.
Therefore, analysis of the undigested pellet would offer further insight into effects the
flavan-3-ols have on macronutrient digestion, likewise measuring the enzyme inhibition
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would determine that as a factor as well. Greater understanding of the effects of
processing of these matrices warrant further studies. Analysis of each of the proteins
under similar treatments could help distinguish if the processing was a factor in driving
the bioaccessibility in a particular direction.
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Mateus, N.; Carvalho, E.; Luıś , C.; de Freitas, V. Influence of the tannin
structure on the disruption effect of carbohydrates on protein–tannin
aggregates. Analytica Chimica Acta 2004, 513 (1), 135–140.

(95)

Liang, M.; Liu, R.; Qi, W.; Su, R.; Yu, Y.; Wang, L.; He, Z. Interaction
between lysozyme and procyanidin: Multilevel structural nature and effect of
carbohydrates. Food Chemistry 2013, 138 (2-3), 1596–1603.

109
(96)

Sung, H.; Nah, J.; Chun, S.; Park, H.; Yang, S. E.; Min, W. K. In vivo
antioxidant effect of green tea. European Journal of Clinical Nutrition 2000,
54 (7), 527–529.

(97)

Rumpler, W.; Seale, J.; Clevidence, B.; Judd, J.; Wiley, E.; Yamamoto, S.;
Komatsu, T.; Sawaki, T.; Ishikura, Y.; Hosoda, K. Oolong tea increases
metabolic rate and fat oxidation in men. Journal of Nutrition 2001, 131 (11),
2848–2852.

(98)

Dulloo, A. G.; Duret, C.; Rohrer, D.; Girardier, L.; Mensi, N.; Fathi, M.;
Chantre, P.; Vandermander, J. Efficacy of a green tea extract rich in catechin
polyphenols and caffeine in increasing 24-h energy expenditure and fat
oxidation in humans. American Journal of Clinical Nutrition 1999, 70 (6),
1040–1045.

(99)

Williamson, G.; Manach, C. Bioavailability and bioefficacy of polyphenols
in humans. II. Review of 93 intervention studies. American Journal of
Clinical Nutrition 2005, 81 (1 Suppl), 243S–255S.

(100)

Miao, M.; Jiang, B.; Jiang, H.; Zhang, T.; Li, X. Interaction mechanism
between green tea extract and human α-amylase for reducing starch
digestion. Food Chemistry 2015, 186, 20–25.

(101)

Lambert, J. D.; Yennawar, N.; Gu, Y.; Elias, R. J. Inhibition of Secreted
Phospholipase A 2by Proanthocyanidins: A Comparative Enzymological and
in Silico Modeling Study. J. Agric. Food Chem. 2012, 60 (30), 7417–7420.

(102)

Gonçalves, R.; Mateus, N.; De Freitas, V. Influence of Carbohydrates on the
Interaction of Procyanidin B3 with Trypsin. J. Agric. Food Chem. 2011, 59
(21), 11794–11802.

(103)

Naz, S.; Siddiqi, R.; Dew, T. P.; Williamson, G. Epigallocatechin-3-gallate
Inhibits Lactase but Is Alleviated by Salivary Proline-Rich Proteins. J. Agric.
Food Chem. 2011, 59 (6), 2734–2738.

(104)

Coulston, A. M.; Boushey, C. J.; Ferruzzi, M. G. Nutrition in the Prevention
and Treatment of Disease, Third Edition. Elsevier Inc., 2012; pp 1–920.

(105)

Neilson, A. P.; Ferruzzi, M. G. Influence of Formulation and Processing on
Absorption and Metabolism of Flavan-3-Ols from Tea and Cocoa. Annu Rev
Food Sci Technol 2011, 2 (1), 125–151.

110
(106)

Schramm, D. D.; Karim, M.; Schrader, H. R.; Holt, R. R.; Kirkpatrick, N. J.;
Polagruto, J. A.; Ensunsa, J. L.; Schmitz, H. H.; Keen, C. L. Food effects on
the absorption and pharmacokinetics of cocoa flavanols. Life Sciences 2003,
73 (7), 857–869.

(107)

Peters, C. M.; Green, R. J.; Janle, E. M.; Ferruzzi, M. G. Formulation with
ascorbic acid and sucrose modulates catechin bioavailability from green tea.
Food Res. Int. 2010, 43 (1), 95–102.

(108)

Anson, N. M.; Selinheimo, E.; Havenaar, R.; Aura, A.-M.; Mattila, I.;
Lehtinen, P.; Bast, A.; Poutanen, K.; Haenen, G. R. M. M. Bioprocessing of
wheat bran improves in vitro bioaccessibility and colonic metabolism of
phenolic compounds. J. Agric. Food Chem. 2009, 57 (14), 6148–6155.

(109)

Chandrasekara, A.; Naczk, M.; Shahidi, F. Effect of processing on the
antioxidant activity of millet grains. Food Chemistry 2012, 133 (1), 1–9.

(110)

Baxter, N. J.; Lilley, T. H.; Haslam, E.; Williamson, M. P. Multiple
interactions between polyphenols and a salivary proline-rich protein repeat
result in complexation and precipitation. Biochemistry 1997, 36 (18), 5566–
5577.

(111)

Soares, S.; Mateus, N.; Freitas, V. de. Interaction of different polyphenols
with bovine serum albumin (BSA) and human salivary alpha-amylase (HSA)
by fluorescence quenching. J. Agric. Food Chem. 2007, 55 (16), 6726–6735.

(112)

Laurent, C.; Besançon, P.; Caporiccio, B. Flavonoids from a grape seed
extract interact with digestive secretions and intestinal cells as assessed in an
in vitro digestion/Caco-2 cell culture model. Food Chemistry 2007, 100 (4),
1704–1712.

(113)

Tsuchiya, H.; Sato, M.; Kato, H.; Okubo, T.; Juneja, L. R.; Kim, M.
Simultaneous determination of catechins in human saliva by highperformance liquid chromatography. Journal of Chromatography B:
Biomedical Sciences and Applications 1997, 703 (1-2), 253–258.

(114)

Zhu, Q. Y.; Holt, R. R.; Lazarus, S. A.; Ensunsa, J. L.; Hammerstone, J. F.;
Schmitz, H. H.; Keen, C. L. Stability of the flavan-3-ols epicatechin and
catechin and related dimeric procyanidins derived from cocoa. J. Agric.
Food Chem. 2002, 50 (6), 1700–1705.

111
(115)

Spencer, J. P. E.; Schroeter, H.; Shenoy, B.; S Srai, S. K.; Debnam, E. S.;
Rice-Evans, C. Epicatechin Is the Primary Bioavailable Form of the
Procyanidin Dimers B2 and B5 after Transfer across the Small Intestine.
Biochemical and Biophysical Research Communications 2001, 285 (3), 588–
593.

(116)

Yoshino, K.; Suzuki, M.; Sasaki, K.; Miyase, T.; Sano, M. Formation of
antioxidants from (−)-epigallocatechin gallate in mild alkaline fluids, such as
authentic intestinal juice and mouse plasma. J. Nutr. Biochem. 1999, 10 (4),
223–229.

(117)

Neilson, A. P.; Hopf, A. S.; Cooper, B. R.; Pereira, M. A.; Bomser, J. A.;
Ferruzzi, M. G. Catechin degradation with concurrent formation of homoand heterocatechin dimers during in vitro digestion. J. Agric. Food Chem.
2007, 55 (22), 8941–8949.

(118)

Nakai, M.; Fukui, Y.; Asami, S.; Toyoda-Ono, Y.; Iwashita, T.; Shibata, H.;
Mitsunaga, T.; Hashimoto, F.; Kiso, Y. Inhibitory effects of oolong tea
polyphenols on pancreatic lipase in vitro. J. Agric. Food Chem. 2005, 53
(11), 4593–4598.

(119)

Stalmach, A.; Mulln, W.; Steiling, H.; Williamson, G.; Lean, M. E. J.;
Crozier, A. Absorption, metabolism, and excretion of green tea flavan‐3‐ols
in humans with an ileostomy. Mol. Nutr. Food Res. 2010, 54 (3), 323–334.

(120)

Donovan, J. L.; Manach, C.; Faulks, R. M.; Kroon, P. A. Absorption and
Metabolism of Dietary Plant Secondary Metabolites. In Plant Secondary
Metabolites Occurrence, Structure and Role in the Human Diet; Alan
Crozier, Clifford, M. N., Ashihara, H., Eds.; 2006; pp 303–351.

(121)

Donovan, J. L.; Crespy, V.; Manach, C.; Morand, C.; Besson, C.; Scalbert,
A.; Rémésy, C. Catechin is metabolized by both the small intestine and liver
of rats. J. Nutr. 2001, 131 (6), 1753–1757.

(122)

Vaidyanathan, J. B.; Walle, T. Cellular uptake and efflux of the tea flavonoid
(-)epicatechin-3-gallate in the human intestinal cell line Caco-2. J.
Pharmacol. Exp. Ther. 2003, 307 (2), 745–752.

(123)

Monagas, M.; Urpi-Sarda, M.; Sánchez-Patán, F.; Llorach, R.; Garrido, I.;
Gómez-Cordovés, C.; Andres-Lacueva, C.; Bartolomé, B. Insights into the
metabolism and microbial biotransformation of dietary flavan-3-ols and the
bioactivity of their metabolites. Food Funct. 2010, 1 (3), 233–253.

112
(124)

Li, C.; Lee, M. J.; Sheng, S.; Meng, X.; Prabhu, S.; Winnik, B.; Huang, B.;
Chung, J. Y.; Yan, S.; Ho, C. T.; et al. Structural identification of two
metabolites of catechins and their kinetics in human urine and blood after tea
ingestion. Chem. Res. Toxicol. 2000, 13 (3), 177–184.

(125)

Gonthier, M.-P.; Donovan, J. L.; Texier, O.; Felgines, C.; Rémésy, C.;
Scalbert, A. Metabolism of dietary procyanidins in rats. Free Radic. Biol.
Med. 2003, 35 (8), 837–844.

(126)

Jones, P. J.; Jew, S. Functional food development: concept to reality. Trends
in Food Science & Technology 2007.

(127)

Desideri, G.; Kwik-Uribe, C.; Grassi, D.; Necozione, S.; Ghiadoni, L.;
Mastroiacovo, D.; Raffaele, A.; Ferri, L.; Bocale, R.; Lechiara, M. C.; et al.
Benefits in cognitive function, blood pressure, and insulin resistance through
cocoa flavanol consumption in elderly subjects with mild cognitive
impairment: the Cocoa, Cognition, and Aging (CoCoA) study. Hypertension
2012, 60 (3), 794–801.

(128)

Madureira, A. R.; Tavares, T.; Gomes, A. M. P.; Pintado, M. E.; Malcata, F.
X. Invited review: Physiological properties of bioactive peptides obtained
from whey proteins. Journal of Dairy Science 2010, 93 (2), 437–455.

(129)

Leidy, H. J.; Carnell, N. S.; Mattes, R. D.; Campbell, W. W. Higher protein
intake preserves lean mass and satiety with weight loss in pre-obese and
obese women. Obesity (Silver Spring) 2007, 15 (2), 421–429.

(130)

LUNN, W. R.; PASIAKOS, S. M.; COLLETTO, M. R.; KARFONTA, K.
E.; CARBONE, J. W.; ANDERSON, J. M.; RODRIGUEZ, N. R. Chocolate
Milk and Endurance Exercise Recovery. Medicine & Science in Sports &
Exercise 2012, 44 (4), 682–691.

(131)

Larsen, T. M.; Dalskov, S.-M.; van Baak, M.; Jebb, S. A.; Papadaki, A.;
Pfeiffer, A. F. H.; Martinez, J. A.; Handjieva-Darlenska, T.; Kunešová, M.;
Pihlsgård, M.; et al. Diets with High or Low Protein Content and Glycemic
Index for Weight-Loss Maintenance. N Engl J Med 2010, 363 (22), 2102–
2113.

(132)

Mottar, J.; Bassier, A.; Joniau, M.; Baert, J. Effect of Heat-Induced
Association of Whey Proteins and Casein Micelles on Yogurt Texture.
Journal of Dairy Science 1989, 72 (9), 2247–2256.

113
(133)

Bryant, C. M.; McClements, D. J. Molecular basis of protein functionality
with special consideration of cold-set gels derived from heat-denatured
whey. Trends in Food Science & Technology 1998, 9 (4), 143–151.

(134)

Sandoval-Castilla, O.; Lobato-Calleros, C.; Aguirre-Mandujano, E.; VernonCarter, E. J. Microstructure and texture of yogurt as influenced by fat
replacers. International Dairy Journal 2004, 14 (2), 151–159.

(135)

Bohin, M. C.; Vincken, J.-P.; van der Hijden, H. T. W. M.; Gruppen, H.
Efficacy of food proteins as carriers for flavonoids. J. Agric. Food Chem.
2012, 60 (16), 4136–4143.

(136)

Perumalla, A. V. S.; Hettiarachchy, N. S. Food Research International. Food
Research International 2011, 44 (4), 827–839.

(137)

Roowi, S.; Stalmach, A.; Mullen, W.; Lean, M. E. J.; Edwards, C. A.;
Crozier, A. Green Tea Flavan-3-ols: Colonic Degradation and Urinary
Excretion of Catabolites by Humans. J. Agric. Food Chem. 2010, 58 (2),
1296–1304.

(138)

Giroux, H. J.; De Grandpré, G.; Fustier, P.; Champagne, C. P.; St-Gelais, D.;
Lacroix, M.; Britten, M. Production and characterization of Cheddar-type
cheese enriched with green tea extract. Dairy Science and Technology 2013,
93 (3), 241–254.

(139)

Spencer, C. M.; Cai, Y.; Martin, R.; Gaffney, S. H.; Goulding, P. N.
Polyphenol complexation—some thoughts and observations. Phytochemistry
1988, 27 (8), 2397–2409.

(140)

Sudha, M. L.; Baskaran, V.; Leelavathi, K. Apple pomace as a source of
dietary fiber and polyphenols and its effect on the rheological characteristics
and cake making. Food Chemistry 2007, 104 (2), 686–692.

(141)

Külen, O.; Stushnoff, C.; Holm, D. G. Effect of cold storage on total
phenolics content, antioxidant activity and vitamin C level of selected potato
clones. Journal of the Science of Food and Agriculture 2013, 93 (10), 2437–
2444.

(142)

Ferruzzi, M. G.; Green, R. J. Analysis of catechins from milk–tea beverages
by enzyme assisted extraction followed by high performance liquid
chromatography. Food Chemistry 2006, 99 (3), 484–491.

114
(143)

He, Z.; Chen, J.; Moser, S. E.; Jones, O. G.; Ferruzzi, M. G. Interaction of βcasein with (-)-epigallocatechin-3-gallate assayed by fluorescence
quenching: Effect of thermal processing temperature. International Journal
of Food Science & Technology 2016, 51 (2), 342–348.

(144)

Murphy, R. W.; Farkas, B. E.; Jones, O. G. Dynamic and viscoelastic
interfacial behavior of β-lactoglobulin microgels of varying sizes at fluid
interfaces. Journal of Colloid and Interface Science 2016, 466, 12–19.

(145)

Phillips, L. G.; Haque, Z.; KINSELLA, J. E. A Method for the Measurement
of Foam Formation and Stability. Journal of Food Science 1987, 52, 1074–
1077.

(146)

Bakkalbaşı, E.; Yemiş, O.; Aslanova, D.; Artık, N. Major flavan-3-ol
composition and antioxidant activity of seeds from different grape cultivars
grown in Turkey. European Food Research and Technology 2005, 221 (6),
792–797.

(147)

Zaiter, A.; Becker, L.; Karam, M. C.; Dicko, A. Effect of particle size on
antioxidant activity and catechin content of green tea powders. J Food Sci
Technol 2016, 1–8.

(148)

Rice-Evans, C. A.; Miller, N. J.; Paganga, G. Structure-antioxidant activity
relationships of flavonoids and phenolic acids. Free Radic. Biol. Med. 1996,
20 (7), 933–956.

(149)

Ferruzzi, M. G.; Lobo, J. K.; Janle, E. M.; Cooper, B.; Simon, J. E.; Wu, Q.L.; Welch, C.; Ho, L.; Weaver, C.; Pasinetti, G. M. Bioavailability of gallic
acid and catechins from grape seed polyphenol extract is improved by
repeated dosing in rats: implications for treatment in Alzheimer's disease. J.
Alzheimers Dis. 2009, 18 (1), 113–124.

(150)

Papadopoulou, A.; Green, R. J.; Frazier, R. A. Interaction of flavonoids with
bovine serum albumin: a fluorescence quenching study. J. Agric. Food
Chem. 2005, 53 (1), 158–163.

(151)

Dickinson, E. Properties of Emulsions Stabilized with Milk Proteins:
Overview of Some Recent Developments. Journal of Dairy Science 1997, 80
(10), 2607–2619.

(152)

Ybert, C.; Di Meglio, J. M. Study of protein adsorption by dynamic surface
tension measurements: Diffusive regime. Langmuir 1998, 14 (2), 471–475.

115

(153)

Sausse, P.; Aguié-Béghin, V.; Douillard, R. Effects of epigallocatechin
gallate on β-casein adsorption at the air/water interface. Langmuir 2003, 19
(3), 737–743.

(154)

Aguié-Béghin, V.; Sausse, P.; Meudec, E.; Cheynier, V.; Douillard, R.
Polyphenol-β-casein complexes at the air/water interface and in solution:
Effects of polyphenol structure. J. Agric. Food Chem. 2008, 56 (20), 9600–
9611.

(155)

Siebert, K. J.; Troukhanova, N. V.; Lynn, P. Y. Nature of
Polyphenol−Protein Interactions. J. Agric. Food Chem. 1996, 44 (1), 80–85.

(156)

Jöbstl, E.; Howse, J. R.; Fairclough, J. P. A.; Williamson, M. P. Noncovalent
cross-linking of casein by epigallocatechin gallate characterized by single
molecule force microscopy. J. Agric. Food Chem. 2006, 54 (12), 4077–4081.

(157)

Bors, W.; Heller, W.; Michel, C.; Saran, M. Flavonoids as antioxidants:
determination of radical-scavenging efficiencies. Meth. Enzymol. 1990, 186,
343–355.

(158)

Xiao, J.; Mao, F.; Yang, F.; Zhao, Y.; Zhang, C.; Yamamoto, K. Interaction
of dietary polyphenols with bovine milk proteins: Molecular structureaffinity relationship and influencing bioactivity aspects. Mol. Nutr. Food
Res. 2011, 55 (11), 1637–1645.

(159)

Foegeding, E. A.; Gwartney, E. A.; Errington, A. D. Functional Properties of
Whey Proteins in Forming Networks. In Functional Properties of Proteins
and Lipids; R, W. J., Fereidoon, S., López, M. A., Y, Y. R., Glenn, F., Eds.;
ACS Symposium Series; American Chemical Society: Washington, DC,
1998; Vol. 708, pp 145–157.

(160)

Tobitani, A.; Ross-Murphy, S. B. Heat-induced gelation of globular proteins.
2. Effect of environmental factors on single-component and mixed-protein
gels. Macromolecules 1997, 30 (17), 4855–4862.

(161)

Poncet-Legrand, C.; Gautier, C.; Cheynier, V.; Imberty, A. Interactions
between flavan-3-ols and poly(L-proline) studied by isothermal titration
calorimetry: effect of the tannin structure. J. Agric. Food Chem. 2007, 55
(22), 9235–9240.

(162)

Prigent, S. V. E.; Voragen, A. G. J.; van Koningsveld, G. A.; Baron, A.;
Renard, C. M. G. C.; Gruppen, H. Interactions between globular proteins and
procyanidins of different degrees of polymerization. Journal of Dairy
Science 2009, 92 (12), 5843–5853.

116
(163)

Song, B. J.; Manganais, C.; Ferruzzi, M. G. Thermal degradation of green tea
flavan-3-ols and formation of hetero- and homocatechin dimers in model
dairy beverages. Food Chemistry 2015, 173, 305–312.

(164)

Adrian J Charlton; Edwin Haslam, A.; Michael P Williamson. Multiple
Conformations of the Proline-Rich Protein/Epigallocatechin Gallate
Complex Determined by Time-Averaged Nuclear Overhauser Effects;
American Chemical Society, 2002; Vol. 124, pp 9899–9905.

(165)

Phillips, L. G.; German, J. B.; Oneill, T. E.; Foegeding, E. A.; Harwalkar, V.
R.; Kilara, A.; Lewis, B. A.; Mangino, M. E.; Morr, C. V.; Regenstein, J. M.;
et al. Standardized Procedure for Measuring Foaming Properties of Three
Proteins, A Collaborative Study. Journal of Food Science 1990, 55 (5),
1441–1444.

(166)

De Freitas, V.; Mateus, N. Structural Features of Procyanidin Interactions
with Salivary Proteins. J. Agric. Food Chem. 2001, 49 (2), 940–945.

(167)

Sarker, D. K.; Wilde, P. J.; Clark, D. C. Control of surfactant-induced
destabilization of foams through polyphenol-mediated protein-protein
interactions. Journal of Agricultural and Food Chemistry. 1995, 43 (2), 295–
300.

(168)

Rodríguez, S. D.; Staszewski, von, M.; Pilosof, A. M. R. Green tea
polyphenols-whey proteins nanoparticles: Bulk, interfacial and foaming
behavior. Food hydrocolloids 2015, 50, 108–115.

(169)

Lestringant, P.; Guri, A.; Gülseren, I.; Relkin, P.; Corredig, M. Effect of
processing on physicochemical characteristics and bioefficacy of βlactoglobulin-epigallocatechin-3-gallate complexes. J. Agric. Food Chem.
2014, 62 (33), 8357–8364.

(170)

Hu, M.; McClements, D. J.; Decker, E. A. Lipid Oxidation in Corn Oil-inWater Emulsions Stabilized by Casein, Whey Protein Isolate, and Soy
Protein Isolate. J. Agric. Food Chem. 2003, 51 (6), 1696–1700.

(171)

Staszewski, von, M.; Jara, F. L.; Ruiz, A. L. T. G.; Jagus, R. J.; Carvalho, J.
E.; Pilosof, A. M. R. Nanocomplex formation between b-lactoglobulinor
caseinomacropeptide and green tea polyphenols: Impact on protein gelation
and polyphenols antiproliferative activity. Journal of Functional Foods
2012, 4 (4), 800–809.

(172)

Di Mattia, C. D.; Sacchetti, G.; Mastrocola, D.; Pittia, P. Food Research
International. Food Research International 2009, 42 (8), 1163–1170.

117
(173)

Luo, Z.; Murray, B. S.; Yusoff, A.; Morgan, M. R. A.; Povey, M. J. W.; Day,
A. J. Particle-Stabilizing Effects of Flavonoids at the Oil−Water Interface. J.
Agric. Food Chem. 2011, 59 (6), 2636–2645.

(174)

Shibusawa, Y.; Shoji, A.; Yanagida, A.; Shindo, H.; Tagashira, M.; Ikeda,
M.; Ito, Y. Determination of Log Po/w for Catechins and Their Isomers,
Oligomers, and Other Organic Compounds by Stationary Phase Controlled
High‐Speed Countercurrent Chromatography. Journal of Liquid
Chromatography \& Related Technologies 2005, 28 (17), 2819–2837.

(175)

Lin, Q.-L.; Åkesson, B.; Bergenståhl, B. Effect of colloidal structures on the
stability of five flavonoids with different hydrophilicity. Food hydrocolloids
2008, 22 (4), 700–705.

(176)

Kearney, J. Food consumption trends and drivers. Philos. Trans. R. Soc.
Lond., B, Biol. Sci. 2010, 365 (1554), 2793–2807.

(177)

Brouns, F. J. P. H.; van Buul, V. J.; Shewry, P. R. Does wheat make us fat
and sick? Journal of Cereal Science 2013, 58 (2), 209–215.

(178)

Rezanejade Bardajee, G.; Hooshyar, Z.; Pourhasan, Y. The Effect of
Multidentate Biopolymer Based on Polyacrylamide Grafted onto KappaCarrageenan on the Spectrofluorometric Properties of Water-Soluble CdS
Quantum Dots. International Journal of Spectroscopy 2011, 2011 (5-6), 1–6.

(179)

Imeson, A. P.; Phillips, G. O.; Williams, P. A. Carrageenan and Furcellaran.
In Handbook of Hydrocolloids: Second Edition; Handbook of hydrocolloids,
2009; pp 164–185.

(180)

Matignon, A.; Ducept, F.; Sieffermann, J.-M.; Barey, P.; Desprairies, M.;
Mauduit, S.; Michon, C. Rheological properties of starch suspensions using a
rotational rheometer fitted with a starch stirrer cell. Rheol Acta 2014, 53 (3),
255–267.

(181)

Gunaratne, A.; Ranaweera, S.; Corke, H. Thermal, pasting, and gelling
properties of wheat and potato starches in the presence of sucrose, glucose,
glycerol, and hydroxypropyl β-cyclodextrin. Carbohydrate Polymers 2007,
70 (1), 112–122.

(182)

Zhu, F.; Cai, Y.-Z.; Sun, M.; Corke, H. Effect of phytochemical extracts on
the pasting, thermal, and gelling properties of wheat starch. Food Chemistry
2009, 112 (4), 919–923.

118
(183)

Li, M.; Zhang, J.-H.; Zhu, K.-X.; Peng, W.; Zhang, S.-K.; Bin Wang; Zhu,
Y.-J.; Zhou, H.-M. Effect of superfine green tea powder on the
thermodynamic, rheological and fresh noodle making properties of wheat
flour. LWT - Food Science and Technology 2012, 46 (1), 23–28.

(184)

Wu, Y.; Lin, Q.; Chen, Z.; Xiao, H. The interaction between tea polyphenols
and rice starch during gelatinization. Food Sci Technol Int 2011, 17 (6), 569–
577.

(185)

Doublier, J. A rheological investigation of cereal starch pastes and gels.
Effect of pasting procedures. Carbohydrate Polymers 1987, 7 (4), 251–275.

(186)

D'appolonia, B. L. Effect of bread ingredients on starch-gelatinization
properties as measured by the Amylograph. Cereal Chemistry 1972.

(187)

Steffe, J. F. Rheological Methods in Food Process Engineering, 2nd ed.;
Freeman Press, 1996.

(188)

Loret, C.; Ribelles, P.; Lundin, L. Mechanical properties of κ-carrageenan in
high concentration of sugar solutions. Food hydrocolloids 2009, 23 (3), 823–
832.

(189)

Nishinari, K.; WATASE, M. Effects of polyhydric alcohols on thermal and
rheological properties of polysaccharide gels. Agricultural and Biological
Chemistry 1987, 51 (12), 3231–3238.

(190)

De Freitas, V.; Carvalho, E.; Mateus, N. Study of carbohydrate influence on
protein–tannin aggregation by nephelometry. Food Chemistry 2003, 81 (4),
503–509.

(191)

Schulze, C.; Bangert, A.; Kottra, G.; Geillinger, K. E.; Schwanck, B.;
Vollert, H.; Blaschek, W.; Daniel, H. Inhibition of the intestinal sodium‐
coupled glucose transporter 1 (SGLT1) by extracts and polyphenols from
apple reduces postprandial blood glucose levels in mice and humans. Mol.
Nutr. Food Res. 2014, 58 (9), 1795–1808.

(192)

Gonzales, G. B.; Smagghe, G.; Grootaert, C.; Zotti, M.; Raes, K.; Van Camp,
J. Flavonoid interactions during digestion, absorption, distribution and
metabolism: a sequential structure-activity/property relationship-based
approach in the study of bioavailability and bioactivity. Drug Metabolism
Reviews 2015, 47 (2), 175–190.

119
(193)

Podsędek, A.; Majewska, I.; Redzynia, M.; Sosnowska, D.; Koziołkiewicz,
M. In vitro inhibitory effect on digestive enzymes and antioxidant potential
of commonly consumed fruits. J. Agric. Food Chem. 2014, 62 (20), 4610–
4617.

(194)

Neilson, A. P.; George, J. C.; Janle, E. M.; Mattes, R. D.; Rudolph, R.;
Matusheski, N. V.; Ferruzzi, M. G. Influence of chocolate matrix
composition on cocoa flavan-3-ol bioaccessibility in vitro and bioavailability
in humans. J. Agric. Food Chem. 2009, 57 (20), 9418–9426.

(195)

Dunn, K. L.; Yang, L.; Girard, A.; Bean, S.; Awika, J. M. Interaction of
Sorghum Tannins with Wheat Proteins and Effect on in Vitro Starch and
Protein Digestibility in a Baked Product Matrix. J. Agric. Food Chem. 2015,
63 (4), 1234–1241.

(196)

Lamothe, S.; Azimy, N.; Bazinet, L.; Couillard, C.; Britten, M. Interaction of
green tea polyphenols with dairy matrices in a simulated gastrointestinal
environment. Food Funct. 2014, 5 (10), 2621–2631.

(197)

Green, R. J.; Murphy, A. S.; Schulz, B.; Watkins, B. A.; Ferruzzi, M. G.
Common tea formulations modulate in vitro digestive recovery of green tea
catechins. Mol. Nutr. Food Res. 2007, 51 (9), 1152–1162.

(198)

Egert, S.; Tereszczuk, J.; Wein, S.; Müller, M. J.; Frank, J.; Rimbach, G.;
Wolffram, S. Simultaneous ingestion of dietary proteins reduces the
bioavailability of galloylated catechins from green tea in humans. Eur J Nutr
2013, 52 (1), 281–288.

(199)

Pernell, C. W.; Foegeding, E. A.; Luck, P. J.; Davis, J. P. Properties of whey
and egg white protein foams . Colloids and Surfaces Agents. 2002, 74 (5), 9–
21.

(200)

Gonçalves, R.; Mateus, N.; De Freitas, V. Inhibition of α-amylase activity by
condensed tannins. Food Chemistry 2011, 125 (2), 665–672.

(201)

Sugiyama, H.; Akazome, Y.; Shoji, T.; Yamaguchi, A.; Yasue, M.; Kanda,
T.; Ohtake, Y. Oligomeric procyanidins in apple polyphenol are main active
components for inhibition of pancreatic lipase and triglyceride absorption. J.
Agric. Food Chem. 2007, 55 (11), 4604–4609.

(202)

Zobel, H. F. Molecules to Granules: A Comprehensive Starch Review.
Starch ‐ Stärke 1988, 40 (2), 44–50.

120
(203)

Prajapati, V. D.; Maheriya, P. M.; Jani, G. K.; Solanki, H. K. Carrageenan: A
natural seaweed polysaccharide and its applications. Carbohydrate Polymers
2014, 105, 97–112.

(204)

Palafox-Carlos, H.; Ayala-Zavala, J. F.; González-Aguilar, G. A. The role of
dietary fiber in the bioaccessibility and bioavailability of fruit and vegetable
antioxidants. Journal of Food Science 2011, 76 (1), R6–R15.

(205)

Gu, Y.; Hurst, W. J.; Stuart, D. A.; Lambert, J. D. Inhibition of Key
Digestive Enzymes by Cocoa Extracts and Procyanidins. J. Agric. Food
Chem. 2011, 59 (10), 5305–5311.

APPENDIX

121

APPENDIX

Extraction procedure for Starting Materials

This procedure should be used for the preparation of protein matrices in the analysis of
phenolics.
1) Cut or grate protein gels into small pieces using a small grate cheese grater to facilitate
digestion. For SCN foams, freeze in -80C freezer for 10 min and cut into pieces with a
knife
2) Add 100 µl of 2.7mM L-ascorbic acid and 2.2mM Na2EDTA in water into each 15-ml
centrifuge tube.
3) Add 2 ml or 2 g of sample into each tube.
4) Add 5 ml of Pepsin solution (45mg pepsin/ml of 0.1 M HCl).
For 8 samples, 35 ml of 0.1 M HCl and 1575mg pepsin
5) Vortex samples for 30s, flush with N2, parafilm, and place in a water bath at 37°C for 45
min with 120 opm.
6) Remove samples from water bath
7) Add a 1:1 ratio of 2% Acetic Acid solution and vortex
8) Add 1.5 ml of sample to a microcentrifuge tube and centrifuge at 14K x g for 5 min.
9) Syringe filter samples with .45 um filters into HPLC vials for further analysis
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Three Stage In Vitro Digestion Procedure
Oral Phase Base Solution: (As Needed) Makes 1L
Potassium Chloride- 1.792g
Sodium Phosphate- 1.776
Sodium Sulfate- 1.140g
Sodium Chloride- 0.596g
Sodium Bicarbonate- 3.388g

Step Description

Other Solutions (As needed)
0.9% NaCl Solution: 9g NaCl in 1L ddH2O
0.1M HCl- 2.5ml of 36%HCl up to 300ml ddH2o
1.0M HCl- 20.83ml of 36% HCl up to 250ml H2o
0.1M NaHCO3- 5.04g NaHCO3 in 600ml ddH2O
1.0M NaHCO3- 21g NaHCO3 in 250ml

1:

2:

3:

4:

Daily Prep for Oral Phase
In 100ml of Base Solution (16 reps):
Urea- 40mg
Uric Acid- 3mg
Mucin- 5mg
A-amylase- 1.06g

5:

6:

7:

1
p

8:

Weigh 20(ml) or g of sample into 50-ml Centrifuge tubes
Collect Additional 10g for Raw Materials-15ml tube
ORAL PHASE
Add 6ml of Complete oral phase to each tube

15

Vortex 1min
Blanket with nitrogen, cap, seal w/ parafilm
Place in 37C water bath OPM: 120 for 10 min
Calibrate pH meter, Get Ice, Make 360mg pepsin in 18ml 0.1 M HCl Record Time 
GASTRIC PHASE
Remove from Bath, Place On Ice
Bring to 30ml with Saline (~14 ml)
Adjust pH to 3.0 +/- 0.1 w 1.0M HCl (Record vol.)
Add 2 ml of Pepsin
Bring to 40ml w Saline (acct. for pH adjustment) ~7-8ml
Blanket with nitrogen, cap, seal w/ parafilm
Place in 37C water bath OPM: 120 for 1hr Record time 
Prep Intestinal Phase enzymes: 540mg Pancreatin + 270mg Lipase in 18ml of 0.1 M NaHCO3; Make first 3000mg Bile in 25 ml of 0.1 M NaHCO3 (Stir for 30min before use)
INTESTINAL PHASE
Remove from Bath, Place On Ice
Adjust pH to 5.0 +/- 0.1 w 1.0M NaHCO3 (Record vol her
Add 2ml of Pancreatin+Lipase and 3ml Bile Solution
Check pH and adjust pH to 6.5 +/- 0.1 as necessary
Bring to 50 ml w Saline solution (acct for pH adj.) ~2-5ml
Blanket with nitrogen, cap, seal w/ parafilm
Place in 37C water bath OPM: 120 for 2hr Record time 
Collect 10ml of DM add 5 ml of 2% aq Acetic Acid in 15ml tube; Nitrogen, Cap, Parafilm
Transfer 30ml of digesta to polycarb tubes, Centrifuge @ 10,000 x g for 1 hr
Filter 10ml of aqueous fraction w 0.22mm filters into 15ml tubes; add 5 ml of 2% acetic acid, flush w N2, Cap, Parafilm
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Effects of Grape Seed Extract and the Primary Green Tea Polyphenol, EGCG, on
Functionality of Select Dairy Proteins. IFT14 Annual Conference and Expo. 2014. Food
Chemistry Division Poster Presentation.
Jennifer L. Allen, Martha Verghese, Louis Shackelford, Judith Boateng and Lloyd T.
Walker. Chemopreventive Potential of Soy Flour, Flaxseed Meal and a Probiotic in a Rat
Model.IFT12 Annual Conference & Expo.2012. Nutrition Division Poster Presentation.
Jennifer L. Allen, Martha Verghese, Louis Shackelford, Judith Boateng and Lloyd T.
Walker, 2015. Chemopreventive Potential of Soy Flour, Flaxseed Meal and a Probiotic in
a Rat Model. International Journal of Cancer Research, 11: 67-79.
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INTERNATIONALPROJECT WORK
Farmer-to-Farmer East Africa| Catholic Relief Services
2016
Project: Development of new nutritious products for Stawi Foods & Fruits CompanyNairobi, Kenya
 Refresher training for factory employees on HAACP and GMP practices
for producing safe, quality foods
 Develop and facilitate training materials on the basics of food product
development
 Developed a prototype of a ready-to-eat breakfast biscuit to increase
nutrition as opposed to current available biscuits
 Conducted sensory evaluation of the 2 versions of a breakfast biscuits for
consumer tasting during the Baby Banda Baby Expo located at the Sarit
Center, Nairobi, Kenya
 Provided recommendations for process facility equipment and efficiency
in processing
International Engagement and Development Strategies | Purdue University
2016
Developed an intervention strategy for Northwestern Tanzanian villages to adopt orange
fleshed sweet potatoes as a source of income & improve nutrition with the communities.
World Food Problems | Purdue University
Discovering Caribbean Agriculture Systems University of Illinois

2015
2004

AWARDS & HONORS
1st Place Graduate Research Poster Competition-MANRRS 31st Annual National
Conference, 2016
Farm Credit/ MANRRS VIP Scholar, 2016
Purdue University- Alliance for Graduate Education and the Professoriate (AGEP)
Scholar Award, 2016
2nd Place Graduate Research Poster Competition- MANRRS 30th Annual National
Conference, 2015
Graduate Poster Finalist, Food Chemistry Division, IFT Annual Meeting & Expo, 2014
Purdue University Doctoral Fellowship, 2012
Purdue University Industry Fellows Fellowship, 2012
IFT Southeastern Section Graduate Leadership Award, 2012
Alabama A&M University USDA Graduate Food Science Scholarship, 2011-2012

127
PROFESSIONAL SOCIETIES & ACTIVITIES
Purdue University-College of Agriculture Graduate Student Advisory Board
Graduate Student Member
2015-2016
 Liaison between under-represented minority graduate students and Asst. Dean of
Graduate Students
 Reviewer of nominations for various faculty and student awards
 Provide input on matters affecting graduate student courses and activities
Minorities in Agriculture, Natural Resources, and Related Sciences (MANRRS)
Graduate Student Representative
2015-2016
 Lead recruitment seminars for parents and incoming undergraduates/graduate
students
 Serve as a peer graduate student recruiter for the College of Agriculture
 Provide peer mentoring to undergraduate students
Institute of Food Technologist (IFT)
Midwest Area Student Representative- Fun Run Committee
2014-2015
 Encouraged and increased student participation in the IFT15 Fun Run Event
 Collaborated with other IFT members to enhance the experience of the IFT15 Fun
Run Event
 Solicited sponsorship for the IFT15 Fun Run from IFT Sections and Industry
affiliates
Vice-President of Student Chapter (AAMU)
 Facilitated monthly meetings and plan agenda
 Coordinated social and professional networking activities
 Volunteered for the Southeastern Section Supplier’s night

2011-2012

Phi Tau Sigma Honor Society of Food Science
Vice-President of AAMU Student Chapter
2011-2012
 Led a workshop entitled “Networking Skills & Etiquette: Surviving the IFT
Supplier’s Night”
 Coordinated the induction of new honorees
 Coordinated organizational activities and fundraising events
SKILLS & TRAINING
Purdue University Aseptic Processing & Packaging
General Mills Graduate Leadership Seminars
Dale Carnegie Leadership Training
How to Develop Products for Microwave Use

